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PREFACE TO THE THIRTY-NINTH 
EDITION 

The continued and increasing demand for this book is indeed 
encouraging, but this edition cannot be expected to show the same 
extensive changes which distinguished the last edition from its 
predecessors, but many minor amendments have been incorporated 
and corrections made. For some years it had been realised 
that no textbook of Physiology of convenient size can supply 
all the Histology needed by a medical student, the more so as 
the sixbject is now commonly taught in relation to Anatomy. 
Histology had therefore been drastically reduced to sections on 
structure in relation to function. This reduction has provided an 
opportunity for extensive revision of the illustrations generally, so 
that the book has taken on a somewhat changed appearance. In 
the last two editions no fewer than eighty new illustrations have 
been added and for some of these I am indebted to the kindness of 
others. Sir E. and Lady Mellanby with Professor J. 0. Brash 
have been good enough to provide illustrations of rickets. Professor 
. Adrian of cerebellar localisation. Professor Gilding of metabolic 
rate. Sir Thomas Lewis of pain. Professor Wishart of osmotic action. 
Dr Broster of adrenal disease. Dr Denny Brown of changes in 
urinary bladder, pressure. Dr Seeker of intergland relationships. 
Dr Dawson of encephalogram. Dr Edridge-Green of colour vision. 
Dr Bryan Mathews of high altitude, Dr Eaven of myxodoema. 
Dr Simpson of pituitary disease. Dr Smout and Messrs Arnold of 
muscle and lymph formation, and the Journal of the American 
Medical Association of thyroid diseases. The majority are, however, 
original but owe much to the fine draughtsmanship of Mr Staton 
and Mr Woods. 

Unfortunately the possibility of purchase tax has made it 
impossible to include the usual blank pages for notes, but otherwise 
the needs of the medical student have been , constantly kept in 
mind. Some teachers may think that some sections might have 
been omitted' and others elaborated. To appease the latter, an 
extensive bibliography has been added so that the more enthusiastic 
student may readily reach more exhaustive works; but at the same 
time the author is- of opinion from his experience of many difierent 
examinations that much of the failure of students to appreciate 
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points of Physiology of great practical importance is due to his 
being asked to learn too much at this stage. Opinion is, however, 
so divided as to %Yhat exactly ought to be omitted that the author 
feels that, in such a volume, this is best left to the discretion of 
individual teachers, and it will do no harm if the student catches 
a fleetin" "lance of tilings he need not know, for soon he will 
realise that his knowledge of Medicine generally must of necessity 
be most patchy and superficial. 

E. J. S. McDOWALL. 


Kiyc^s College, 
UxivEEsiTY OF London, 
June 1946. 



PUBLISHERS NOTE 


It may not be uninteresting' briefly to recount something of the history 
of this book. The original' author was William Senhouse Kirkes, of St 
Bartholomew’s Hospital, and the first edition appeared in 1848 ; it consisted 
of 705 pages, and contained 97 illustrations. The title-page mentions that 
Dr Kirkes was assisted by Mr James Paget, who was then Lecturer on 
Physiology at St Bartholomew’s Hospital. Dr Kirkes appears to have 
been a student under Mr (afterwards Sir) J. Paget, and to have been 
impressed with the need of making more permanent his spoken lectures, 
and in his preface he thanks Mr Paget for allomng him the free use of 
his ’manuscript lecture notes. The book was, for its time, one of great 
excellence, reflecting the clear and-, accurate method of exposition which 
always distinguished Sir James Paget’s work, and Kirhes^ Physiology rapidly 
became the students’ favourite text-book, and new editions appeared rapidly : 
in these the book grew a little in size and in the^umber of illustrations, but 
showed otherwise but little change until the fourth edition came out in 1860, 
when Mr Savory’s name appeared as editor upon the .title-page. IMr (after- 
wards Sir William) Savory was another of St Bartholomew’s worthies, and' 
at that time was Lecturer on Comparative Anatomy and Physiology at that 
Hospital. With the appearance of the sixth edition (1867), Mr Morant 
Baker (then Demonstrator of Anatomy) was associate editor, and by this 
time the book was different both in matter and arrangement, so that little 
of the original ‘‘ Kirkes ” remained. Up to this time the publishers had been 
Taylor, Walton, & Maberly, of Gower Street. . In 1869, however, the 
book became the property of my grandfather (seventh edition), and this' 
edition and tbe next (eighth, in 1872) were not much more than- reprints 
of the sixth edition. The ninth edition (1876), however, was completely 
revised, and Dr Klein, then the Lecturer on Physiology, appears to have 
been largely responsible for the improvement. From the tenth to the 
thirteenth (1892) edition, the editorship was shared between Mr Morant 
Baker and Dr Vincent D. Harris, his s'enior Demonstrator, and as successive 
editions appeared, the work of keeping the publication up to date fell more 
and more upon the shoulders of the latter. 

In 1896, when a new edition was necessary, Mr Baker had died, and 
Dr Harris was retiring from active teaching, so my father had to look 
round for a new editor. Acting upon the advice of his friend, the late 
Sir William Gowers, he applied to Professor Halliburton, and when the 
latter accepted the position, the long association between .the book and 
St Bartholomew’s Hospital was severed. During the fifty-four years of this 
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publisher’s ^'OTE 


association the book saw thirteen editions. Under Professor Halliburton’s 
guidance, which began in 1896, the book entered upon a new era of prosperity ; 
in twenty-nine years seventeen editions — totalling one hundred and ‘sixteen 
thousand copies — were published ; so, as the book had become an entirely 
new one, the name of Kirkes was dropped and Hallihiirionh Physiology 
became its recognised title. 

In 1923 revision became again necessary; and as Professor Halliburton 
found that he needed help in preparing it, the assistance of his successor at 
King's College, Professor McDowall, was secured and his name added to 
the title. 

In the thirty-fifth edition (1937) ‘‘Biochemistry” appeared on the title-page 
for the first time and in 1939 the thirty-sixth edition was consideraT^ly 
enlarged. 

Since 1930 Professor * McDowall has had sole responsibility for the 
volume, which in its present form is almost entirely his work. It is only 
fair, therefore, that his name should now stand alone in the place of honour 
on the title page, while Halliburton can be added to Kirkes as a tribute to 
the past editorial succession. 

JOHH MUEEAY. 


iVorcm&er, 1944. 
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OHAPTEE I 

PHYSIOLOGY 

The subject of Physiology treats of, the study of the phenomena 
occurring in all living things, but for the present purposes it is 
limited to the study of the activities of the animal body, especially 
that of man. It is part of the greater subject of Biology or the 
study of hving things. • - 

In making such a study we can approach the subject in a number 
of ways. 

Prom Anatomy we learn the gross structure of the body, and 
from Histology, that is the study of its microscopic structure, we 
get a firmer basis from which to infer a possible function. We 
learn, for example, that the bodies of animals are composed of cells 
of great variety and that each organ has its own peculiar specialised 
cells arranged in a definite pattern. The appearance of the cells 
is often distinctive and may tell us whether they are protective, 
secretory, nervous or connective. 

By a chemical study of the tissues and of the various substances 
found in living things and of those taken into them, we are able 
to relate to each other the various .chemical processes which take 
place as .they might be carried out in a chemical laboratory.- This 
constitutes Biochemistry. Prom it we learn how the body breaks 
down the various substances found in nature, makes use of them, 
and returns to its environment those it does not need or has used. 

By a study of the movements and other physical processes which 
take. place in the body (Biophysics) we understand the mechanics 
and dynamics of the body. Prom this we understand, for example, 
how the blood circulates and how air is sucked into the lungs. 

Physical Chemistry, too, adds its quota and indicates such things 
as the principles by which substances may pass through the various 
membranes of the body especially those of the cells themselves. 

In Biology we trace the structural functions of organs of lower 
1 ■ A 



2 


PHYSIOLOGY 


[CH. 1. 

animals and how they have been evolved, and we see how, as we 
go down the animal scale, the processes become simpler and simpler 
until all the more essential ones are performed by a single cell, 
a cell which is alive and capable of reproducing itself. There we 
find ourselves up against the problem of life itself which so far has 
defied complete analysis, but by the study of Physiology from its 
various angles we find out many of the factors on which it depends 
and how we -can do much to assist in its prolongation and to add 
to its happiness, which is the function of Medicine. 



CHAPTER II 


THE STRUCTURE AND CHARACTERISTICS OE LITING THINGS 

The Structure of Living Things, — ^All li^dIlg things are com- 
posed of minute cells the form of which can be seen with the 
aid of a microscope. They are at first unicellular and the simplest, 
such as the amoeba, remain so, but all the larger animals rapidly 
become multicellular and amongst its various cells there is a 
division of labour (so to speak), different cells having different 
function but all being co-ordinated for the benefit of the animal as 
a whole. 

The essential and peculiar constituent of cell structure is the 
jelly-like substance protoplasm which is largely protein in nature, 
but does not remain alive unless it is associated with at least 
the chlorides of sodium, calcium, and potassium in solution in water. 
If a cell is placed in a solution in which any, one is absent, or not 
in its proper proportion, it rapidly dies, but if properly kept it 
will not only live but multiply. For more prolonged activity a 
great variety of other substances are probably necessary in minute 
amounts. There is some argument as to the natute of protoplasmic 
structure. Certainly when treated so as to stain or preserve it 
a fibrillar network is seen, and this has been seen in untreated 
specimens of white blood corpuscles which are singularly like 
amoebffi in their appearance and activities. 

Controlling the activities of every living cell is a, imeleiis which 
stains more deeply than the rest of the cell, and the nucleus may 
show a nucleolus. The function of the various parts is unknown, 
but the chemical composition of nuclei has been shown to be qtdte 
different from the rest (cytoplasm) of the cell. Some cells have 
more than one nucleus. 

All animal cells also have an “attraction sphere” which is 
prominent in actively dividing cells, a fact which suggests its 
importance in the process of cell division. 

The Functional Characteristics of Living Things. — Life has 
been described as resting on a tripod of security, nourishment, and 
reproduction. On the first two depends the life of the individual, 
on the third the continuance of the' species. Living things, there- 
fore, show signs of activity. Of these the one most universally 

3 . , , 
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demonstrable is that of as-simUciiion. It takes food with which 
to build its body, and to be transformed into mechanical energy, 
and it takes in oxygen. This latter activity is usually the most 
easily shown sign of life. By studying oxygen-intake we can 
discover whether a man or an amoeba is alive. 

Living things also have the power of excretion, that is; of getting 
rid of the waste products of its bodily activities. They have the- 
power of growth and of reproduction. Growth is really the 
characteristic of living things, for machines such as engines do, in 
a sense, assimilate and excrete. The groioth of a living thing 
is not, however, like that of crystals by addition but by the 
multiplication of its existing elements and intake into its substance. 
Even when a tissue has ceased to grow in the ordinary sense it 
still has to repair itself, for there is a considerable amount of wear 
and tear associated with living. Actually the individual cells of 
the body are constantly dying and being replaced. Living material 
is, therefore, never in a static condition, but is also undergoing 
intramolecular rearrangements the total sum of which is called 
metabolism. 

Many cells show the power of irritability, that is, the power of 
responding to an external agent or stimulus. Commonly such a 
stimulus produces observable movement. Movement, however, 
merely indicates that only the part concerned is ahve and retains 
its irritability. The muscles' of a frog, for example, remain aUve 
and capable of contracting several days after the animal from which 
it has been removed is dead. Death, therefore, may be said to 
occur when the animal as a whole has ceased to assimilate. 


The Relation of the Cell to its External Environment. 

The simplest animal organism, consisting of a single cell, is in 
immediate contact with its environment water, from which it 
receives its nutrient material and oxygen and to which it returns 
its waste materials. Even in the most complex animal each cell 
leads a similar life in immediate contact with the tissue fluid in 
which it is bathed. Only certain cells come into immediate contact 
with the external environment, the other cells of the body all 
benefiting indirectly through this contact but this local environment, 
so to speak, is brought into contact with the external environment 
in which the animal lives by means of the blood supply. For 
example, some of the cells of the respiratory tract are adapted 
for the passage of oxygen, while certain cells of the digestive 
tract permit the intake of nutrient materials. The oxygen and 
nourishment from the environment are transported by way of the 
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specialised cells to every other cell in the body. . This transport is 
accomplished by the circulation of the blood. 

The Interrelationship of Structure and Function of 
Individual Tissues. 

The microscopic appearances of organs and tissues' concern the 
subject of Histology, but here it may be indicated how individual 
tissues play their part. It should, however, be pointed out that 
although heredity and evolution are important in the development 
of the structure of an organ, its activity is equally so as the 
individual tissues grow or degenerate according to the use to which 
they are put. We are familiar with the increase of muscle of the 
arms and thickening of the skin of the hands which occurs as the 
result of hard manual labour, and also with the effects of training 
generally. If we consider animals generally we see an evolution of 
both structure and function ; a convenient example of this is seen 
in the evolution of the nervous system which is considered later. 

The Functions of the Epithelial Tissues. 

All free surfaces are covered by one or more layers of simple 
cells which are adapted to the needs of the part. 

Stratified epithelium, which covers the exposed part of the 
body and constitutes -the outer layer of the skin, is many cells thick. 
The outer layers become squamous, flattened, and may be horny, 
and eventually are shed as scales. Where there is any special 
irritation the outer layers are much thickened as on the palms of 
the hands or the soles of the feet. This may occur also after more 
obvious injury to the skin, which is essentially the protective 
epithelium of the body. . , 

Pavement epitlielium (endothelium) covers less exposed parts. 
In general, it lines many of the body ca%dties, including the blood- 
and lymph- vascular system, the alveoli of the lungs, the serous 
cavities (pleurse, pericardium, and peritoneum), and also the synovial 
cavities of the joints. The cells are flat and permit free passage 
to gases and fluids, in the case of the lung alveoli, interchange of 
gases occurs and in the serous cavities free movement of the lungs, 
heart, and abdominal viscera is obtained through the lubricating 
action of the fluid (lymph). It is only a single layer thick. 

Transitional epithelium is an intermediate variety which is 
only a few layers thick and only becomes flattened on its surface. 
It is found only in the urinary tract where it protects against the 
heemical substances of the urine and probably prevents reabsorption. 

Columnar epithelium is a more active type of epithelium. It 
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mamifactxires special substances from the blood -which we know 
as secretions and it has selective powers controlling absorption into 
the blood. It does both as it covers the mucous membrane or lining 
of the alimentary canal and some of the tubules of the kidney. 
!Mo 3 t glands are infoldings from such columnar epithelial surfaces, 
and wherever such tissue is seen it can be assumed that it has 
these functions. 


Ciliated Epithelixun. 


The ciliated cell is usually columnar in shape and surmounted 
by' a bunch of fine tapering filaments which were originally called 
cUia because of their resemblance to eyelashes. 



Fio. 1.— CUiatM c^ll from 
U:< of a moU 

lusc. (Kng**lmaun.) 


In the larger cihated cells, the border on 
which the cilia are set is bright and composed 
of little knobs, to each of which a cilium is 
attached; in some cases the knobs are pro- 
longed into the cell protoplasm as filaments 
or rootlets (fig. 1). The bunch of cilia is 
homologous with the striated border of columnar 
cells. 

The function of the cilia is to cause a 
movement of substances or objects along the 
surfaces they line. For example, cilia line 
the air passages (but not the alveoli) and they 
cause a current of mucus and entangled dust 
to move towards the throat (fig. 2). In the 
Fallopian tubes and upper part of the uterus 



Fio. 2.— -Ci'Hated epithelium from the human 
trachea, a, Large fully^formed cell; 6, 
shorter cell ; c, developing cells with more 
than one nucleus. (Cadiat.) 


they assist the movements of ova, and in the ducts of the testes 
those of the spermatozoa. The tail of a spermatozoon may itself be 
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regarded as a ciliuin ; soiiae protozoa also move by means of 
cilia. Cilia are found also in the ventricles of the brain and in 
the central canal of the spinal cord ; in the gills of marine animals, 
and in the gullet of the frog. 

Ciliary motion may conveniently be studied in the latter, or 
in the gill of a mussel kept moist by n 0’6 per cent, saline. It 
may be observed under the microscope and, in the case of the 
frog, the movements of minute pieces of carbon may be studied. 

The cilia are seen to be in constant rapid motion, each cilium 
being fixed at one end, and swinging or -lashing to and fro. The 
general impression given to the eye of the observer is very similar 
to that produced by waves in a field of corn, and the. result of 
their movement is to produce a continuous current .in a definite 
direction, and this direction is always the same on the same surface, 
being usually in the case of a cavity towards the external 
orifice. 

The exact explanation of ciliarj movement is not known ; what- 
ever may be the precise cause, the movement must depend on some 
changes going on in the cell to which the cilia are attached, for, 
when the latter are cut off from the cell, the movement ceases, 
and when severed so that portions of the cilia are left attached to 
the cell, the attached and not the severed portions continue the 
movement. 

It would seem most likely that the movement is essentially 
similar to that which takes place in amoebas or white blood corpuscles 
which throw out processes, and that changes in the. tension of the 
fluid in the cilia cause them to straighten and bend. 


The Effect of some External Agents on Amoehold and 
Ciliary Movements. 

Although the movements of amoeboid and ciliated cells may be 
loosely described as spontaneous, yet they are produced and, increased 
under the action of external agencies which excite or stimulate 
them. 

Ciliary and amoeboid movements are increased by small rises in 
temperature and by dilute alkalies. Additional movement increases 
the demand for oxygen (Gray). Lack of oxygen causes cessation 
of ciliary movement. So also does cold, a fact winch may be 
important in the inception of the common cold. Temperatures 
above 45° C., acids, strong alkalies and anaesthetics have a similar 

effect. ' ■ I . , 

More detailed information on the subject is to be" found in the 

writings of Gray and of Negus. 
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The Functions of the Connective Tissues. 

In these tissues, in addition to the cells, there exist fibres which 
act mechanicall}" for the support and protection of tissue, and 
in many cases the fibres so- predominate that the cells are scarcely 
seen. It is a matter 'of debate whether the fibres are altered cells- or 
are deposited in the intercellular substance. 

Fibrous tissue is a typical holding or connective tissue and 
its characteristic is that it does not stretch. It consists of bundles 
of wliite fibres. It forms, therefore, the tendons of muscles, the 
sacs of joints, part of the pericardial sac of the heart, and innumer- 
able sheets of fibrous tissue or fascia to which muscles are attached 
or bones held together. lAbrous_tissueJs_, formed iiy wounds, after 
injury, and since.it, tends-to-shrink-often-causes-unsightly. contractions 
in scarsV If, however, it is subjected to sustained tension it will 
stretcli. The fibres are composed of the protein material collagen 
which is converted into gelatin by boiling. For this reason we boil 
or stew the meat of an old animal wliich tends to be fibrous or 
tough. The activity of the fibroblasts or cells wliich form the tissue 
appears to require the presence of vitamin C in the diet. 

Elastic tissue has fewer fibres which are yellow in colour, and 
which, as their name suggests, give elasticity to the part. Elastic 
fibres are found in blood vessels where they appear to he joined 
together as membranes. They are frequent in the lungs and they 
assist in holding together and in giving elasticity to the cartilages 
of the trachea and bronchi. They are well seen in the ligamentum 
nucluc connecting the skull to the vertebral column. 

Areolar tissue is the name given to the loose connective tissue 
which contains not onl}’ fibres of both kinds but cells. The cells 
arc of several varieties. The fibroblasts in connection with which 
the fibres of the tissue are developed. The histiocytes which are 
characterised by their taking up vital dyes, that is, dyes injected 
in a living animal; they are probably part of the reticulo-endothehal, 
macroj)hago or scavenging, sj'stem of the body. There are also cells 
which maj' be gi-anular, the mast cells, or non-gi’anular, the plasma 
cells, which are very like the basophil vviiite cells and the lymphocytes 
of the blood. They probably have the function of dealing with 
bacteria which may gain access to the tissue. Pigment cells are also 
soinctinies seen. 

In addition, areolar tissue stores fat in large v^esicular fat cells 
wliich, when excessive, cause it to be known as adipose tissue. It 
i.s also in the areolar tissue that water is extensively stored. This 
mav' be stored not only as free fluid but apparently also within 
the fibroblastic cells which may become quite swollen. 



OH. Il.j 


GENERAL DESIGN OE THE BODY 


9 


The other tissues are dealt with more appropriately in relation 
to the systems of which they form a predominant part. ' 


THE GENERAL FUNCTIONAL DESIGN OF THE HIGHER ANIMAL BODY. 

As we have said, all living things have activities," but by far their 
most important is that of keeping themselves ahve by feeding and pro- 
tecting themselves. This, all the more elaborate animals do by means 
^ of their voluntary muscles which are under the control of the braio. 

The voluntary muscles, which we shall discuss in detail later, 
are structures which, by contracting, perform mechanical work, and 
in doing so transform chemical into mechanical energy with the 
evolution of heat. They^act like engines and use what, is essentially 
the same fuel as the internal combustion en^ne of a motor-car, 
namely, carbon and hydrogen which are transformed into carbon 
dioxide and water. Carbon and hydrogen are the essential con- 
stituents of the hydrocarbon, petrol, and also of the ^carbohydrate, 
glucose, which is used by the body. 

These substances are supplied to the muscle by an artery, which 
carries the carbon, hydrogen, and oxygen, a combustion mixture 
analogous to that supplied by the carburettor to the engine of a 
motor-car. The exhaust, which is chiefly carbon dioxide and water, 
is taken away by the veins. 

* Now the substances necessary for the engine, i.c. the fuel and the 
oxygen, have to be supplied from the outside world. -The blood 
in the artery has been previously piunped to the lungs which, we 
have already noted, are specialised organs in contact with the 
outside world, via the windpipe, while the nourishment is picked 
up by that portion of the blood which passes to the digestive tract 
which is in continuity with the external environinent at the mouth. 
As we shall see later, the detailed structure of the lungs and the 
alimentary canal are such that the blood is spread out very thinly 
on an enormous surface, much larger 'than the total skin surface 
of the body and so it takes up what it needs very rapidly. 

The extent to which the muscles need oxygen determines the 
rate, at, which it is supplied, for the carbon' dioxide produced 
increases the respiratory movements while- when more blood reaches 
the heart it increases automatically its output. 

The. substances of the exhaust from the engine, carbon dioxide, 
and water, are likewise transported to the lungs, skin, and kidney 
by which they are returned to the outside world. ■ 

A cycle is completed by the plants which under the influence 
of sunlight transform the carbon dioxide and water back into 
carbohydrate, the chief nourishment of animals. 
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In this description of the body the heart and lungs appear as 
the servants of the muscles and it is an important fact in curative 
medicine that physical and mental rest put the whole body at rest. 

So far many substances which we need for nourishment have 
not been mentioned. They correspond to the materials of which 
the engine is -made and need only be supplied in wery minute 
amounts. In the case of the body- the most important substance 
concerned is protein which is the essential chemical component 
of all living things. Its detailed composition is discussed later, 
but here it may be said that amongst its essential constituents are 
nitrogen and sulphur. The chemical changes which take place 
in the various substances in the body are known as Metabolism. 

The muscles are also in contact with the external environment 
by means of the nervous system, and here we may contemplate 
how many of our movements are the result of stimuli from the 
outside world. Such stimuli usually determine at least the exact 
time . at which the movements are made, through, of , course, the 
intervention of the brain. 

The study of muscular movement may he considered to be 
a suitable point at which to commence the study of Human 
Physiology, for what has been said of the muscle applies to every 
cell and tissue of the body, hut, with the exception of the heart, 
none are more active than the voluntary muscles and none make 
sueh demands on the organism as a whole. 

The term organ is a loose anatomical one and is applied to 
structures which can be conveniently separated by dissection. 
Commonly, however, they have a well recognisable characteristic 
microscopical structure and function. 

In performing the bodily functions the organs themselves are' 
arranged in gi'oups which are, by convention, known as systems. 
Thus the respiratory system includes all structures and processes 
which are concerned with the uptake of oxygen and elimination of 
carbon dioxide, but there are really no hard and fast boundaries 
to any system as they all work together for the benefit of the 
whole l)ody. 

Popular lectures on the body as an engine have been given by 
A. Keith and A. V. Hill. 
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/'"N, 

The most important movements of ^ the higher animals are brought 
about by muscles which possess the power of contraction or 
shortening, usually as a result of impulses conveyed to them 
by nerves. ' 

The majority of the muscles of the body are attached to bones 
which act as levers. Thus : when we want to bend the elbow, 
impulses from the brain descend by way of the spinal cord and 
nerves to muscles which are attached to the bones of the lower arm 
at one end and to the bones of the upper arm or shoulder girdle at 
the other. Since the bones of the lower and upper arms are hinged 
at the elbow, contraction of the muscles causes a bending of the 
elbow. The study of the movements of muscles and, their effect on 
the bones is now 'dealt with by the anatomists, and need not be 
entered into here. In some instances muschlar tissue pervades or 
surrounds cavities, and its contraction causes movement of the 
contents as in the case of the digestive tract. . , 

The Skeleton. 

This is the framework of bone on and in which the body is built. 
Its detailed study concerns anatomy, while its physiological aspects 
are postponed until the student is familiar with the general processes 
on which its formation depends. 

Muscular Tissue. 

Muscle is popularly known as flesh. The muscles may be divided 
from a physiological standpoint- into two classes — ^the voluntary 
muscles, which are under the control of the will, and the involuntary 
muscles, which are not. All muscular tissue, whether under the 
will or not, is controlled by means of the nervous system. The 
. involuntary muscles are controlled' by a specialised part of the 
nervous system. 

When muscular tissue is examined under the microscope, it is 
seen to be made up of small, elongated, thi-ead-like cells, which are'\ 
called muscle-fibres and which are bound into bundles by connective \ 
11 . 
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tissue. In involuntary muscles there is a certain amount of cement 
substance, stainable by nitrate of silver, between the fibres. 

There are three varieties of muscle-fibres : (1) striated muscle-fibres, 
which occur in the voluntary muscles ; (2) unstriated muscle-fibres 
which bring about movement in the internal organs ; and (3) cardiac 
or heart muscle-fibres, which are striated like (1), but are otherwise 
different. Their other differences are summarised later (p. 51). 




Voluntary or Striped Muscle. 



Voluntary muscles are sometimes called skeletal, and they con- 
stitute the whole of the muscular apparatus attached to the bones.* 

The fibres vary considerably in thickness and length, but they 
average inch in diameter, and are about 1 inch in length. Each 
fibre is cylindrical in shape and hak rounded 
ends ; many become prolonged into tendon 
bundles by which muscle is attached to bone. 

. Each fibre consists of a sheath, called the 
saiicolemma, which encloses a soft material 
called the co ntract ile, suhstance. 

The contractile substance within the 
sheath is made up of alternate stripes of 
dark and light substance which give voluntary 
muscle its characteristic appearance. Haycraft 
succeeded in making casts of muscle-fibres in 
collodion films and showed that the light and 
dark stripes appear on the casts. He therefore 
concluded that the striped appearance was 
due to optical phenomena. The stripes also stain differently, so 
presumably differ in chemical composition. 

Muscle-fibres contain oval nuclei. In mammalian muscle these 
arc situated just beneath the sarcolemma ; but in frog’s muscle they 
occur also in the thickness of the muscle-fibre. 

A miiscle-fibre is made up of _fibr ils or sarcostyles, which are held 
together by a network known as the sarcopZasw^fepresented as white 
linos in fig. 3). By the use of certain reagents, such as osmic acid 
or alcohol, the fibrils may be completely separated from one another. 

The rapidity of muscular contraction seems to be proportional 
to the clearness of the cross-striation, and insects’ muscles which are 
remarkable for perfection of mechanism have consequently been the 
subject of many researches. In the wing muscles the sarcostyles 
are separated by a considerable . quantity of interstitial sarcoplasm, 

• Tlie musde-fibres of the pharj-nx, of part of the oesophagus, and of the 
middle and Uie external ear, though not under the control of the will, have the 
same structure as voluntary muscle-fibres. 


Fio. S. — Jiluscle - fibro of a 
mammal biglily mag- 
nfJietl. The surface of 
the fibre is accurately 
focussed. (Schafer.) 
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VOLUNTARY OR STRIPED MUSCLE 

wMch may be of nutritive importance, and according to some 
observers possesses a certain amount of contractility j at any rate 
it allows the intimate structure of the individual sareostyles to be 
worked out thoroughly, and Sharpey Schafer has arrived at the 
following conclusions — 

Each sarcostyle is subdivided, by a transverse line (Krause's 
meinbrane *) in the middle of each light stripe, into successive 
portions which are termed sarcoraeres. In each sarcomere is one 
dark stripe or The sarcous element is really in 

two sections which, in the stretched sarcostyle (fig, 4, b), separate 



Fio.'4.— Sarcoflfcyles from the wing-muscles 
of a wasp. 

K a', Sareostyles showing degrees of con- 
traction. 

A sarcostyle extended with the sarcous 
elements separated into two parts, 
o, Sareostyles moderately extended ^semidia- 
grammatic). (E, S. Schafer.) ■ 



Fig. 6,— niagram of a sarcomere 
in a moderately extended con- 
dition, A, and in a contracted 
condition, B. 

K, K, Krause's membranes; h, 
plane of Hensen ; s.e., 
poriferous sarcous ele- 
ment. (B- S. Schsfrr.) 


at the line of Hensen. Between each end of the sarcous element 
and Krause’s membrane 'lies a clear interval which is more evident 
in the extended sarcomere (fig. 4, b), and which diminishes on con- 
traction (fig. 4, a). The sarcous element is pervaded with longitudinal 
canals or pores which are open towards Krause’s membrane and closed 
at Hensen’s line. As the sarcostyle contracts, a large proportion of 
the clear part of the sarcomere passes into these pores and disappears 
into the sarcous' element which swells up and becomes wider, with a 
consequent shortening of the sarcomere (fig. 5, B). As the sarcostyle 
is extended the clear substance passes out from the, pores of the 
sarcous element and lies between it and Krause’s membrane. There ^ 
is a compensating lengthening and narrowing of the sarcomere -* 
(fig. 5, A). ■ ^ should be noted that the sarcous element does not 

♦ Also called Dobie’s line. The membrane is probably an optical phenomenon 
for Kiihne discovered that a threadworm could crawl through it without difficult 
and without destroying it. . _ , ‘ 
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lie free in the middle of the sarcomere, hut is attached at the sides 
to a fine enclosing envelope, and at either end to Krause’s membrane 
by fine lines runuing through the clear substance (fig. 5, A).. 

These conclusions are interesting, because they bring into harmony - 
amoeboid, ciliary, and muscular movement. In all tliree instances -we 



the fibre at rest ; c, contracted part ; l, i, inter- 
mediate condition. (Schafer.) 



Fio 7. — This figure (after Eiigelmanu) illus- 
trates the appearance of a muscle-fibre 
as examined in ordinary light (left-hand 
side) and in polarised light (right-hand 
side). In the upper part of the diagram 
the fibre Is not contracted/ in the lower 
part it is contracted. The dark bands are 
seen to be bright by polarised light, owing 
to their being largely made up of doubly- 
refracting sarcous elements ; during 
contraction, fluid passes from the singly- 
refracting or isotropous light band into 
the doubly-refracting dark band, which, 
in consequence, becomes widened out. 


have protoplasm composed of two materials, spongioplasm and hyalo- 
plasm. In amoeboid movement the irregular arrangement of the 
spongioplasm allows the hyaloplasm to flow in and out of it in any 
direction. In ciliary movement the flow is limited by the arrange- 
ment of the spongioplasm to one direction ; hence the limitation of the 
movement in one direction (see pp. 11-12). In muscle, the definite 
arrangement of the spon^oplasm (represented by the sarcous element) 
in a longitudinal direction limits the movement of the hyaloplasm 
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(represented hj the clear substance of the light stripe); so that it 
must flow either in or out in a particular direction. /The contraction 
of a whole muscle is the sum total of the contraction of all the 
constituent sarcomeres./' 


u Red and Pale Voluntary Muscles^"' ( / 

In most animals some of the muscles are pale and some . white 
because of the amount of hemoglobin and fat they contain. The 
red ^muscles' Tiaw thihh er \ fi bres, 2mor e sarcpplasm, '3nore marked 
longitudinal stria tion, but less marked transverse, stria tions and 
contract more slowly."^ '"-V • =■ '0:,. '/L •. V • > 

The study of their distribution in different animals has shown 
, that the ,red fi bres are particularly concerned with sustained activity, 
/^^hey areTfor example, par ticulafly “prevalent' in ^the p'e^ctoral"m 
' of soaring birds but not in ordinary domestic birds.]' man the 
red fibres predominate in the soleus and pale in the ’ 'g asffb cneini.us _ 
~bu1rigosFmuscIes are more mixed. ^Fsh’airiee later that the red 
muscles"are“^"particulafly^'cbhGerned in the more sustained reactions 
for the maintenance of posture and equilibrium.! Denny-Brown, to 
. whom we owe these facts, has shown that red muscles g o into tetanus 
at the surprisingly low rate of 5 to 8 stimuli per secon d. 
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\ ^Excitability or Irritability is the power which certain tissues 
^ possess of respondingjjy some change (transformation of energy) to 
the action of an external agent which, whatever its nature, we call 


the stimulus. , 

The nature of the response depends on the nature of the tissue. 
Some tissues move, some secrete, some discharge electricity, e.g. the 
electric organs of some fishes. ' ■ 

Excitable tissues may he stimulated by' mechanical or chemical 
agencies. They may also be stimulated by suitable electrical stimuli, 
and in the study of excitability the latter stimuli, are generally 
used as they do not damage the tissue and are easily controlled. 
The tissues in the body are stimulated by nervous impulses. We 
can see the response to such stimulation in the nerve to a muscle 
of a frog. It may he stimulated by a tap or pinch, by a chemical 
agent (acid or salt), by a direct or an induced current, and 
normally by the nervous impulses which reach it from the nerve 
centres. When we make a voluntary movement, we cause a nervous 
impulse to pass down an excitable nerve to an excitable muscle. 
Some tissues are specially excitable to certain kinds of stimuli 
rather than to others. Eor example, unstriated muscle is most 
j easily stimulated by stretching. Glycerol stimulates nerve but not 
I muscle directly ; while ammonia stimulates muscle but not nerve. 

We may regard stimuli as liberators of energy; muscle and 
nerve .and other irritable structures undergo disturbances in con- 
sequence of a stimulus. The disturbance is some form of move- 
ment — ^\'isible movement in muscle, molecular movement in nerve. 
A stim ulus may be regarded as added motion. Gowers compared it 
to the blow that causes dynamite to explode, or' the match applied 
to a train of gunpowder. A very slight blow will explode a large 
quantity of dynamite; a very small spark will fire a long train of 
gunpowder. So in muscle or nerve the effect is often out of all 
proportion to the strength of the stimulus; a light touch on the 
surface of the body may elicit very forcible nervous and muscular 
I disturbances; and, moreover, the effect of the stimulus. is propagated 
I along the nerve or muscle without loss. 


It 
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Electrical Stimulation. 

Stimulation of an excitable tissue may, as we have seen above, 
be brought about chemically or mechanically, but most conveniently 
by an electric current from a cell or a' battery supplying 1-2 volts. 
This method has_ the great advantage that within limits it does 
not damage the tissue and may be repeated many times. ' It is not 
necessary to describe in detail the electrical apparatus. 



Fia. 8 .— Diagram of simple electrical circuit Tfvliich is completed Tvhen the 
tissue to bo stimulated is placed across the electrodes E. 

Wires from the positive and negative poles, of the cell form the 
electrodes, the former being known as the anode and the latter as 
the cathode. ‘With a direct current stimulation occurs only at the 
“.make,” but •not when the current is “flowing.” v Actually, the 
passage of an electric current through a nerve causes it to be 
temporarily inexcitable in the region of the anode, where it produces 
a state known as anelectrotonus. 

If the nerve or muscle is laid across the electrodes, the electrical 
circuit is completed and stimulation occurs. The experiment can, 
however, be more conveniently carried out by first laying the nerve 
across the electrodes, and making and breaking the circuit by means 
of a key (fig. 8). ^ 

In many experiments it is desirable to vary the strength of 
stimulation, and this can be done most conveniently by using an 
induced current from a transformer or induction coil. . The two 
circuits are shown in fig. 9. It is seen that each circuit is quite 



Fiq. 9. Circuit to give induced currents. C— cell ; PC — primary coil ; SC— secondary 

coil : E— electrodes : and K^— keys in the primary and secondary circuits respect- 

ively. Note that K2 short-circuits the electrodes. 


separate from the other, and it may readily be shown that a current 
only passes in the secondary circuit when an _ alteration is made 
in the strength of the primary. A current is obtained in the 
secondary only at the “making” (closing of the key) and “breaking” 
(opening of the key) of the primary circuit. The nearer the primary 
and secondary coils are to one another the stronger is the induced 
current in the secondary circuit. The strength of the stimulating 
current can therefore be varied by varying the distance between the 
two coils. It must be understood that there is no' frmdamental 
qualitative difference between a direct and an induced current. The 
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essential differences are the short duration and. the change of direction 
of the induced current which occurs at each make and break. 

It ^vill be observed that a short-circuiting , key is used in the 
secondary circuit. A simple key would not be so effective because 
of the phenomenon of unipolar induction. 

“ break ’’..effects are stronger than the make effects ; this is 
^^sily proved by placing the electrodes on the tongue and is due to 
Paraday’s extra jeimrent. This current is produced in the primary 
cdilliy the inductive influence of contiguous turns of its wire on 
each other; its direction is against that of the battery current at 
make, and so the make shock is lessened. At the break the extra 
current is of such short duration (because when the circuit is 
broken there can be no current at all) that for all practical purposes 
it may be considered as non-existent. 

For many physiological purposes an automatic interrupter 
(Wagner’s hammer), on the principle of an ordinary electric bell, 
is introduced into the primary circuit and is attached to the end of 
the induction coil. It may have a device for equalising the make 
and break currents. By the use of such 'an interrupter it is possible 
to set up ■"nerve impulses in nerves at rates approximating those 
which occur normally. 

, ; There is a maximal rate of stimulation of all tissues and if a 
current is alternated extremely rapidly it does not stimulate at all 
. because it has not time to set up a suflicient movement of ions. For 
example, ordinary house current of 250 volts alternating at 50 cycles 
is lethal to the heart, but not so if it alternates at over 100,000 per 
second, although such a current will light an ordinary electric bulb. 

Fortunately the body is normally protected by skin which when 
dry has a resistance of the order of 50,000 ohms, but this is greatly 
reduced if the skin is wet. 

Measurement of Excitability. 

Tissues exhibit considerable differences in excitability to different 
kinds of currents. Smooth muscle, for example, will respond to 
stimulation by a direct current, but not to an induced current 
' (see p. 17). There is no fundamental qualitative difference between 
' these two currents. They are merely of different strengths and last 
; for different .times, the induced current being stronger but of very 
•short duration. Speaking generally, it has been found that the 
shorter the period of stimulation the stronger must be, the current 
which will produce an effect and vice versa. It h^s also been shown 
that each tissue may be stimulated by a certain strength and 
duration of electrical stimulation which cannot be varied beyond 
certain limits. It is for such reasons that a current of 10,000 volts 
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if very rapidly alternating may not oause death, although a shock 
of 500 volts from the live wire or rail of an electric train mav 
be fatal. ' ' “ 

Our knowledge of this subject we owe largely to Keith Lucas 
of Cambridge, and later to Lapicque, of Paris, and their co-workers. 
The latter introduced the following terms for the measurement of 
excitability : — 

■'■\..--Rheoba8e is the intensity in volts of the weakest constant 
current wHch, if continued , indefinitely, will excite. 
/\.^--'CHr6naxie is the minimum time required for excitation by a 
current of twice the intensity of the rheobase. 

E heob ase is determined with a .battery, . voltmeter, and variable 
resistance; for chronaxie some method of stimulating for very 
short periods is needed. A heavy pendulum or spring which knocks 
over a make key and a fraction of a second later breaks the circuit 
(Keith Lucas) may be used, but the discharge of a condenser is also 
employed. The rheobase for the ent sciatic of the frog is 0;2 .to O’S 
volt, and the chronaxie is 0‘3 to.OA thousandths of a second. 

Chronaxie varies widely in different nerves even _in the same 
animal. In general it is least in rapidly contracting muscles supplied 
by large nerve-fibres. Differences are also noticeable in nerves 
treated by various reagents: those which swell the myelin sheath 
for instaneq increase the rheobase and shorten the chronaxie. In 
man, Bohfgui^on found that -the extensors have a chronaxie of 
Offer (cr = ’001 sec.) while that of the flexors is Offer or more. /The 
relation of these data to the activity of the central nervous system 
has not been as yet fully studied. Cutting, a nerve -roughly doubles 
the chronaxie it possesses in the intact state. 

Difference in excitability explains why degenerated muscle fails ^ 
to respond to faradie stimulation yet responds to a galvanic stimulus, ) 
also why different results may be obtained when a mixed nerve is \ 
stimulated by different currents. In the latter instance it may be 
assumed that the nerve-fibres which compose the nerve have different 
chronaxies. It is also claimed that fatigued or curarised * muscles 
have an altered chronaxie and cannot be stimulated by impulses 
which pass down their nerves. (See Fatigue.) 

Refractory Phase. — After a tissue, such as a muscle or a nerve, 
has been excited by a stimulus it is refractory for a short space of 
time : that is, it fails to respond to a stimulus. , In ordinary muscle 
li and nerve this refractory phase is very short, but in cardiac muscle 
\l it las.ts throughout the dura tion..Qf_the contracfronr'Theffelfa'ctbr^ 
f -phase' is of importance since it gives time in which a tissue may 
I! recover its power of activity. 

* The drug, curari, is a South American arrow poison. 


/ OHAPTEE V 

THE CONTRACTION OF MUSCLE 

Normally the voluntary muscles contract as a result of nervous 
impulses reaching them from the central nervous system by way of 
their nerves. We can, however, set up a nervous impulse in a nerve 
artificially and so cause the muscle to contract. Eor this purpose 
we generally use a nerve-muscle preparation, gastrocnemius or 
calf muscle and sciatic nerve of a frog, the muscles and nerves of 
wliich live for a long time after removal from the body. Strips of 
muscle may, however, be substituted.. 

Muscle undergoes the following changes when it contracts : — 

/ 1. Changes in form. 

; 2. Changes in extensibility and elasticity. 

T/ ) 3. Changes in temperature. 

! 4. Changes in electrical condition. 

i 5. Chemical changes. 


Changes in Form. 

The Myograph. — There are many different forms of this 
apparatus, which was originally invented by Ludwig and Helmholtz 
to record muscular contraction. 

In each type the bony origin of the gastrocnemius is held firmly, 
usually by a pin through the knee-joint, while the tendo AchiUis 
is tied to a weighted lever the end of which bears a writing-point 
such as a piece of parchment paper (fig. 10). This records the 
magnified contractions of the muscle on smoked paper which is' 
wrapped round a cylinder. When the cylinder is stationary the 
upstroke and downstroke of the writing-point fall on the same part 
of the surface; but if the cylinder is rotating a muscle curve or 
myogram is obtained. If a permanent record be desired the paper 
may be removed from the cylinder, and the soot fixed by passing 
the paper through a solution of resin in spirit and allowing it to 
dry. The screw on which the lever rests can be adjusted so that 
the lever rests on it till the muscle contracts ; the muscle therefore 
does not take the weight until contraction has begun {after-loading). 
The spindle of the rotating cylinder bears two metal arms which can 

JO 
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be brought together to form one arm if desired, ■ The free end of 
each arm can be made to press over at one point in the drum's 
revolution a. key which lies in the primary circuit of the induetorium ; 
thus the muscle can be made to contract once or twice for each 
revolution. The secondary coil should be pulled out. until the 
muscle is stimulated by the break shock only. To find the exact 
point of stimulation, the drum is moved round by hand until the 
intact in the primary circuit is just broken. 



Fjo. 10. — Apparatus for recording muscle contraction. The gastrocnemius muscle M is fastened to 
th'e board MB by means of a pin through the knee-joint and its Achillis' tendon attached to the 
lever B which writes on the smoked drum B. The lever may be weighted by W, Stimulating 
current is supplied by the cell C. When the key is closed or opened a current is induced by 
means of the transformer T in the secondary circuit supplying the electrodes E which applied to 
the sciatic nerve supply the muscle. The strength of the current can be varied by altering the 
distance between the coils of the transformer. The key Ks is introduced to short circuit the 
electrodes when desired. 


To keep the preparation fresh during an experiment, it must be 
moistened with normal saline (0'65 per cent. NaCl in water for 
frog’s muscle, this being the concentration of salts in the fluid which 
normally bathes it), or it may he kept in a moist chamber, i.e., a 
chamber in which the air is kept saturated with moisture. 

The events recorded in the myogram- can be timed. The simplest 
time-marker is a tuning-fork vibrating 100 times a second. This is 
struck, and by means of a writing-point fixed on to one of, the 
prongs of the fork,- these vibrations may be written ' beneath the 
myogram. More elaborate forms of electrical time-inarkers are 
frequently employed. 

The Simple Muscle Curve. — One of these is shown in fig. 11. 
The nyiscle was stimulated by a single iuduction-shock, at the instant 
marked P on the base-lin^. ■ ' 

It will be observed Itbat after the stimulus has been applied 
there is an interval before' the contraction begins^ This interval is 
called the latent period, and^ when measured by the tuning-fork 
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tracing is seen to be about sec. During the laten t period th^, 
is no visible change in the mus cle.^ . ~~~ 

The second part is the stage of contraction proper. The lever 
is raised by the shortening of the muscle. The contraction is at first 
very rapid, but then progresses more slowly to its maximum. 

The next stage is the stage of relaxation. After reaching its 
highest point, the lever descends in consequence of the elongation of 
the muscle. The small waves which follow the main curve are due 
for the most part to the recording apparatus, and are most marked 
when the contraction is rapid and vigorous. 

AVith regard to the latent period, it should be pointed out that if 
the muscle is stimulated indirectly, i.e. through its nerve, some of the 
apparent lost time is occupied in the propagation of the nervous 



Fio. 11. — Simple muscle curve. 


impulse along the nerve and across the end plate to the muscle. To 
-obtain the true latent period, this must he deducted. Then there is 
latency in the apparatus. It must be understood that with the 
ordinary class apparatus results are only approximate. Errors arise 
from inertia and friction of the lever. These errors may be excluded 
by photographing the contracting muscle on a sensitive photographic 
plate travelling at an accurately timed rate or by the use of the 
isometric method (see p. 30). By such means it is found that the 
true latent period is much shorter than was formerly supposed. It 
is only -j-J-jj- of a second or less. 

“ Actually a'^nplertwitch" contraction of a frog’s muscle takes 
only 0'06 sec. and relaxation 0T3 sec. A mammalian twitch is about 
3 times faster. Such results show the importance of the apparatus 
in experimentation. 
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Factors modifying the Character of the Curve. 

1. Influence of strength of stimulus . — A minimal* stimulus is 

that which Js Juslstoo,ng_enough._to.,produce '' Tf the 

""itrength^oi stimulus is increased* the amount of contraction as 
measured by the height of the curve is increased, until a certain 
point is reached (maximaL^Stimulus),, beyond which increase in the 
^ stimulus produces. ho increase in the .amount of contraction. This 
'’is^hecause the stronger the stimulus, the more m'uscle-fihres are 
thrown into action and ;wheru.all_Jhe Jtees_„are„.stimulated— the - 
maximum^ us^ reached. ...yThis is “not 'To be confused with the 
'^henomenon“lcnown"as’the beneficial effect of contraction (see below). 

• In this way a muscle grades its contraction for it has been observed 
microscopically by sprinkling finely divided mercury on the muscle v 
that if an individual fi bre c ontract s at all it contracts to a maximum. 
This is known as th6''''^i^or.TOo«C hBeh'omeW hr'WMchds~ disbussed • 
later in relation to cardiac tnuscle which acts like a single fibre. 

2. Influence of load . — Increase of load within, certain .limits 
(see p. .31), applied by weighting the lever, decreases the, amount of 
contraction, until the muscle is unable to lift it. 

3. JBffect of temperature. — Cold a t fi rs t in creases the height ^ of 
' co ntract ion, then diminishes it ;''~6therwise tfie effecTls ve“ry''like’that 
'eT^tiguerincreasm^'thie duration of all stages of the curve. 

Moderate warmth increases the height and diminishes the 
duration of all stages of the curve, latent period included. ,, This may 
be shown by dropping salt solution at different temperatures on 
to the muscle before taking its curve (fig. 12). It must, however, 
be understood that the increased height during the application of 
. heat is caused mainly by the mechanical effect of the increased 
speed of contraction. ; Too great, heat,, (above 42° C.) induces heat l 
' rigor, irova. the coagulation of the muscle proteins. i 

' 4. The effect of two successive stimuli . — If a second stimulus' is 

applied less than secon d after -.the first , there' is no response 
because the musclffTs'^feffactory during tins .period; but if the 
second follows at a sufficient interval of time, each will cause a 
twitch and two simple muscle eurves-wiU be written (fig. 13, A); the 
second is a little bigger than the first (beneficial effect of contraction). 
If the, second stimulus arrives before the muscle has finished con- 
tracting" rinder the influence of the first, a second curve will be added 
to the- first (fig. 13, B). This is called superposition, or summation ^ 
of effects and occurs with both maximal and minimal stimul i. 

■^""if theTwo""stimuii are’mTsuCh'miesensuecessionnb^ the second 
occurs during the latent period of the first, the result will differ 

* Weaker stimuli are known as subminimal. 
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according as the Btimnli are maximal or suhmaximal. If they are 
maximal, the second stimulus is without effect ; hut if suhmaximal, 
the two stimuli are - added together, and though producing a simple 
muscle cwcve, produce one which is higger than either would have 
produced separately. This is called , summationr-of-stimuli^^s- 13, C). 

5. Uffect of more than two stimuli . — If a succession of stimuli 
is- sent into a muscle, or its nerve, the results obtained depend on 
the rate at which the stimuli follow one another. If the time- 
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Fio. 12. — Effect of temperature on the simple muscle curve- The various temperatures are marked 
on the curves. P ts the point of stimulatiou; and the tlme-traclnp aL'aJn indicates hundredths of 
a second. (See Text.) 

intervals between the stimuli are sufficiently great, each stimulus 
will produce a simple muscular, contraction. A succession of twitches 
is recorded and the lienefioiaLxffect-of.pr.evio7i,s. action. is exhibited in 
what is known as a sta ircas e effect (fig. 14, A and B). 

If the induction shocks follow each other more rapidly, the effect 
is a continuation of the superposition curve already described in 
connection with two successive stimuli. Each successive increment is, 
however, smaller than the preceding, and at last the muscle remains 
at a maximum contraction, till it begins to relax from fatigue. 

A succession of stimuli may be sent into the nerve of a nerve- 
muscle preparation by means of an interrupter. This method of 






Fio. 13. — Effect of two successive excitations. The two points of excitation (Pj and Pn) are marked 
' in each case on the basB-llne. In A, Pj and Po are sufiQclently far apart to ^ve separate cur%*e8. 
In B they are nearer together, and superposition is seen. In C they are sufficiently near to give 
summation of stimuli. Suhmaximal stimuli were used throughout and the time-tracing In each 
case shows hundredths of a second. 
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stimulation is called faradisation. When the stimulation is^ slow 
the number of contractions corresponds to the number of stimula- 
tions (fig. 14) ; the condition of prolonged contraction so produced, the_ 
muscle never relaxing completely between the indi^ddual contractions 
of which it is made up, is called tetanus : inc ompletLtetanus, when the 
individual contractions are discernible "(%• 14, C, D, and E) ; complete 
tetanus, as in fig. 14, F, when the contractions are so rapid that they 
are completely fused to form a continuous line without waves. 

These results apparently depend on the accumulation and dis - 
appearance of acetvi Lcholin e at the nerve-en'ding s. Ims substance 
apparently acts as a chemical mediator between the nerve and the 
muscle. 

The rate of stimulation necessary to cause complete tetanus varies 

considerably; for fr og ’s mu scle it avera ges 15 to 20 per second; for 

the pale muscles of "the ra6l3itr20' per second ; for the more rapidly 
acting muscles of the cat, e.g. the internal rectus of the eye, over 
100 per second may be necessary (Cooper and Eccles). The rate 
necessary to produce complete tetanus is diminished in a fatigued 
muscle as its period of relaxation is prolonged. 

It will be noticed in class work, and in fig. 14 B, that when the tetanus Is 
incomplete there is a tendency for the muscle to shorten — i.e. the relaxation is 
less rapid. This is in part due to fatigue but it is also due to the onset of the 
phenomenon of contracture. This contracture is an active contraction involving 
increased metabolism and iETs stigges tecTtliat permanen t chahges'in the mem brane’s of 
tiie muscle have occurred. It is readily produced or increased by certain chemicals. 

Voluntary Contraction. — There is evidence that voluntary con- 
traction, that is a muscular contraction made by an effort of will, 
is essentially tetanic in nature. 'This is best shown by counting 
the number of electrical variations which accompany a voluntary 
contraction, on the assimption that each fundamental unit of . the 
contraction has an electrical change as its concomitant. This can 
be accomplished by the use of a Very' delicate “^galvahbmeter. The 
number of electrical variations is then found to be a high one. More 
recently Adrian and Bronk have recorded the current of action of a 
single muscle-fibre by using a special electrode, which can be plunged 
into the muscle, and magnifying up the current produced by a valve i 
amplifier. Different muscles appear to vary, but the average number/ 
of electrical variations is about 50 per second.* « 

This view of the tetanic nature of voluntary contraction is 
supported by the fact that some nerve-cells when stimulated' 
retiexly do not discharge single impulses but groups of impulses. 

A voluntary contraction probably, differs from experimental 
tetanus in that in voluntary contraction the fibres of the muscle 

• Gasser and Newcomer found that impulses of 70 per second were produced 
by tlie diaphragm. 



Fio. 14,— Composition, of tetanus. These six tracings ,were obtained on a slowly moving drum from a 
frog’s pastrocnemms, which was excited a succession of induction shocks. By a mechanical 
contrivance the rate of the vibrating spring which interrupted the primary circuit of the 
inductorium could be easily varied; and the rate of the hammer was increased from about 1 per 
second in A to 30 per second in F. In A, separate twitches are seen; in B, the rate was still 
^ insufficient to cause fusion ; in both A and B, the staircase effect is well seen. In C and D, the 
rate was sufficiently great to cause incomplete tetanus ; in E, tetanus was nearly complete, and 
In F it was complete. The time-tracing in each case shows half-seconds. 
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are stimulated in relays intermittently because all the cells of the 
spinal cord which control ;the muscle do not receive this stimulus 
simultaneously (see motoneurone pool). This is suggested by tbe 
fact that a voluntary movement can be maintained for, a relatively 
long period and also by the irregular nature of action currents 
of a voluntary contraction compared with the regular nature of the 
responses in experimental tetanus. In the latter fatigue occurs 
relatively rapidly because the stimulus even when submaximal 
is always applied to the same fibres which contract fully. 

On; the other hand, we know that in a voluntary contraction 



Fia. 16. — Action currents from human triceps (E.D. A.) recorded with concentric needle electrodes during 
voluntary contraction gradually increasing in power from A to C. (Adrian and Bronk.) 


there is not a single nerve unit at work but probably several which 
play an important part in co-ordinating and grading the - degree of 
contraction with that of other muscles. 

Sherrington has found that certain nerve-cells (those con- 
cerned with extensor reflexes) have an inherent rate of rhythmic 
discharge which is unalterable, while others (those concerned With 
flexor reflexes) have a rate wliich can be masked completely by 
imparting to the sensory nerve in a reflex preparation other rates 
up to quite high figures (100 vibrations per second or more). In fact, 
in the flexors the rate of the muscular contractions under artificial 
shocks exactly corresponds to the rate of the stimuli whether they 
are applied to the motor nerve or to the sensory nerve in the reflex 
arc. A twitch, however, is never elicited reflexly. 

Lever Systems . — The arrangement of the muscles, tendons, and 




OH. V.] 


ELASTICITY OF MUSCLE 


29 


bones presents examples of the three systems of levers which will be 
toown to anyone who has studied mechanics ; the student of anatomy 
will have no ^difficulty in finding examples of all three systems in 
* ^ ^pst striking is that the majority are levers of 

the th^d Mud, , in which there is a loss of the mechanical advan- 
tage of a lever, though a gain in the rapidity and extent of the 
movement. 


Most muscular acts involve the action of several muscles, often 
of many muscles* The acts of walking and running are examples of 
very complicated muscular actions in which it is necessary not only 
that many muscles should take part, but that they should do so in 
their proper ^ order and in due relation to the action of auxiliary 
and antagonistic muscles. 


Elasticity of Muscle. 

The danger of tearing in a muscle or its tendon when the muscle 
contracts is lessened by the fact that the muscle is elastic and 
extensible — and it may be shown, by measuring the increase in 



length which occurs when the muscle is loaded with difierent weights, 
that it is more easily stretched relatively when it is contracted than 
when it is relaxed. Muscle is thus very different from a piece of 
indiarubber which stretches exactly according to the weight' placed 
on it. Fig. *16 shows the effect of equal increments of weight in 
indiarubber and in muscle. ■ . , 


The Work and Efficiency of Muscle. 

■ Work done by a muscle may be expressed in foot-pounds or 
gramme-centimetres according to 'the height a given weight is 
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raised, allovrance being made for the magnification by the lever. 
This is the isotonic method, used in most classes, but it gives only 
approximate results because of the work done in overcoming the 
inertia and friction of the lever system. 

In more accurate investigations, therefore, the muscle is not 
allowed to shorten, and the work is measured in terms of the tension 
exerted at its extremities. This is known as the isometric method. 

The muscle is made to pull against a spring which it can only 
move to a very slight extent. The slight movement is greatly 
magnified by a long lever or by a beam of light reflected from a 
mirror on the spring. 

It is considered better to regard the end-product of muscle 
contraction as potential energy set free (A. Y. HiU). The results 
are, however, very similar to those obtained by the ordinary isotonic 
method in which the muscle is allowed to shorten. Many attempts 
have been made to calculate the energy set free on contraction by 
making use of the heat produced during contraction. The whole 
problem is complicated by the fact that in different circumstances 
different amounts of energy are at the 'disposal of the muscle and 
accurate results are therefore difficult to obtain. 

The isometric investigations have, however, emphasised that of 
the-tota l work don e by a muscle, only a part appears as external 
work, e.g., the lifting of a load. A large proportion is'~required_ to 
overcome"'tEe visco us res istance_oi_the"~muacle~lt3gf' We'may 
compafiY't'He^loss to the energy wasted in starring a viscous fluid 
compared with a non-viscous fluid at the same speed. Turther, the 
more rapidly we stir, the more energy is wasted in this way. Iti 
follows, therefore, that within limits the more slowly a muscle j 
contracts, the more energy appears as external work, and that there | 
is an optimum rate of contraction. 

It can be shown that human muscles have a similar optimum 
rate of contraction or speed of movement and that exercise, e.g. 
walking faster or slower than our optimum, is wasteful and involves 
the use of extra oxygen and fuel. This fact is of great importance 
in industry, and in long distance racing, although other factors, such 
as co-ordination of muscles, also enter into the problem. It is 
interesting to remark that the practical optimum for marching 
(120 paces per minute) recognised by the Army corresponds to the 
theoretical optimum found by physiologists. The fatigue we experi- 
ence from walking very slowly depends on a variety of causes. 

A rise .of temperature, by increasing the rate of contraction, 
diminishes the amount of external work done. 

In measuring the total realisable work of a muscle accurately, a 
simple lever system with a flxed load is not satisfactory, since it 
does not permit of proper utilisation of the elastic energy. This 
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difficulty is overcome by the use of the inertia lever. By it, the 
muscle contracts against the inertial resistance of a heavy balanci-. - 
lever. The muscle has to overcome the inertia of the system at 
the beginning of the contraction, when its force is maximal, and 
subsequently has only, to accelerate its movement. At each stage- 
of its contraction, the muscle is opposed by a force which it can 
just overcome. The system may be weighted and the inertia varied, 
so that the maximum load and the maximum shortening are obtained. 
Since the inertia and weight of the system are known, the work done 
can be calculated from the height to which the lever is 'raised. 

Bi.-tha_body._s,o_me.„oJL-the..nnuscles ..act-4sotonicaUy-.and.,. some 
isometrica lly.-. Bor instance, in the muscles which move the arms 
shortening is important, while in those which move the jaws tension 
is the more important. The latter are characterised by a large 
nuinber of short fibres which converge like the barbs of a feather 
on its quill, while in muscles which shorten greatly the fibres are 
relatively longer, fewer, and almost parallel. Some muscles are of 
niixed character. 

The effect of load on the work done depends largely on the way 
in which the load is applied to the muscle. The weight may be 
allowed to stretch the resting muscle, in which case the muscle is 
said to hQ free-weighted ; or the lever may be supported so that the 
muscle is not stretched until the contraction begins. Then the 
muscle is said to be after-loaded. 

The following figures are taken from an actual experiment done 
with free- weighted gastrocnenaius by the isotonic method (Weber) ; — 


yVeight lifted. 

Height. 

V\'ork done. 

5 grammes 

27 '6 millimetres 

138 graniraC'-niillimetres 

15 

25-1 

376 

25 

11-45 

286 . 

30 

7-3 

219 


The work done is found by multiplying the weight by the height 
through .. which it is raised. In carrying out the experiment 
allowance must be made for magnification, which depends on the 
length of the lever. ■ . . 

The work in creases with the weight^p^ tg„a.j3er,tain„maximum, 
after'^vMcinrB.iminution o'erafs, more or less rapidly, according as 
the muscleTOatiguedr™ 

II the load is allowed to stretch „.the„re.3ting muscle it is found \ 
thafe llthe-mechaDieal— work.-performed i s incre ased and it is fo be » 
observed that when we wish to~oBtain the maximum effect we 
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commonly stretch our own muscles prior to use. It will be seen 
later that this ability of muscle to respond witliin certain limits to 
increased load is of great importance in the case of the heart and the 
intestine. 

By the isometric method it is shown that there is an optimum 
length at which a maximum tension is produced, and it has been 
found by Hartree and Hill that at the optimum length the largest 
amount of heat is produced. An increased load up to a certain point 
also increases the work done by slowing down the rate of contraction, 
for as we haye seen^slpjv contractions„ar.e_more.~ecDnoniicaLjthaji 
fast a Fless heat is .pj.oduced.in. overcoming viscosity. 

The muscle, regarded as a machine, is sometimes compared to 
artificial machines like a steam-engine. A steam-engine is supplied 
with fuel, the latent energy of which is transformed into work and 
heat. The carbon of the coal unites with oxygen to form carbonic 
acid, and it is in this process of combustion or oxidation that heat 
and work are liberated. Although the analogy between muscle and- 
a steam-engine is by no means an exact one, nevertheless it may 
stand for our present purpose (see A. V. Hill). 

Belazatlon. — So far we have been speaking as though the only active phase of 
muscular contraction were the period of shortening. It is,, however, extremely 
probable that lengthening is also an active process. This was originally mooted 
oy Pick, who pointed out that the fall of a muscle lever during the relaxation 
period is of variable speed, and is obviously not due to the passive elongation of the 
muscle by gravity ; the way in which this part of the curve is varied by such 
agencies as temperature, and drugs like veratrine, also indicates that 'relaxation is 
an independent process. 

f 

The Electrical Phenomena of Muscle. 

We have seen that the chemical processes occurring in muscular 
contraction lead to 'a transformation of potential energy into work 
and lieat. These changes are accompanied by electrical disturbances 
also. 

The history of animal electricity is really part of the history of 
the discovery of electricity. It dates from 1786, when Galvani 
made his first observations. Galvani was Professor of Anatomy 
and Physiology at the University of Bologna, and his wife was 
one day preparing some .frogs’ legs -for dinner, when she noticed 
that the apparently dead legs became convulsed when sparks were 
emitted from a frictional electrical machine which stood near. 
Galvani then wished to try the effect of lightning and atmospheric 
electricity on animal tissues. So he hung up some frogs’ legs to 
the iron trellis-work round the roof of Ids house by means of copper 
hooks, and saw that they contracted whenever the wind blew them 
against the iron. He imagined tlds to be due to electricity secreted 
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by tbe animal tissues, and this new, principle was called Galvanism. 
Put all his contemporaries did not agree with this idea, and most 
prominent among his opponents was Volta, Professor of Physics at 
another Italian university, Pavia. He showed that the muscular 
contractions were not due to animal electricity, but to artificial 
electricity produced by contact with different metals. 

The controversy was a keen and lengthy one, and was terminated 
by the death of Halvani in lV98. Before he died, however, he gave 
to the world the experiment known, as “ contraction without metals,” 
which we shall study presently, and which conclusively proved the 
existence of animal electricity. Volta, however, never believed in it. 
In his hand electricity took a physical turn, and the year after 


a 



Galvani’s death he invented the Voltaic pile, the progenitor of our 
modern batteries., Volta was right in maintaining that galvanism 
could be produced independently of aninxals, but wrong in denying 
that electrical currents could be obtained . from animal tissues. 
Galvani was right in maintaining the existence of animal electricity, 
but wrong in supposing that the contact of dissimilar metals with 
tissues proved his point. . - . . 

This conclusion has been arrived at by certain new methods of 
investigation. In 1820 Oersted discovered electro-magnetism : when 
a galvanic current passes along a- wire near a magnetic needle, the 
needle is deflected one way or the other, according to tbe direction 
of the current. This led to the invention of the astatic needle and 
the ordinary mirror galvanometer which is used in every physical 
laboratory for the detection of small electric currents. 

The String Galvanometer. — In the ordinary galvanometer, by 
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boon shown (McDowall) that all procedures which accelerate 
tlio heart and which are likely to occur in exercise, c.g. a rise of 
venous pressure or adrenaline, cause a reduction or even abolition 
of the depressor roiloxes as they do vagus activity. 

Since it has been shown that stimulation of the carotid sinus 
(s:e fig. SO) or of the central end of the depressor nerve causes a 



F'l .. TJ'-rr.rtl* t)f artcn.il vcriotn At Iho first, 'arrow Is ficen a riao of arterial 

an-i a fill of vr^ri'-iM prr'i'^nre as a rrsiilt pf a^^eiloii of the va^'i Inclnding the aortic 
t'e; rt ri-t#* of ivrt'’rial pressure la due partly to'aii Incrcaaod rate and output of the 

l.M't at’ 1 t.) va^u'ou-iTrirtfon. Tlie fall of venous pressure Is, duo to the Increased cardiac 
I utpit the venous r^senoir. At C.O, the carotid filnuscs wore clipped ofl’; there Is a 

ft.rtJ er ri-f cif r.rt/'rhl pTf'^’-ure partly from same causes as before, but in addition there is 
ib'u'ruth’ri rf tbc capacity of circulation and a rise of venous pressure which Increases the 
t ‘<,T;ut of 1 <'art. T.ab-r Kllrnnlat:on of the sinus by tugging caused an increased capacity of 
tl’C cJrc^ila* j" n. 

f^^r(‘atly inrireased capacity of tlie circulation (Bayliss) and since 
exp'irimoiit.il irdcrruptioii of the reflexes increases the venous flow and 
the output of tlio lieart, it is probahlo, therefore, that an important 
fuTH tioii of those vasodilator reflexes is to maintain a large volume 
nf hh)u.l immediately availahle for the active muscles during exercise. 
T!iu/. tiio vae:al rotlexes and the capacity reflexes which have a 
similar origin are hotli concerned with increasing the degree of 
cliangc; in the rate of the circulation which is possible in exercise. 
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Differences between Stimulating, the Central and 
Peripheral Dnds of the Vagus. 

' Stimulation of the ceutres is responsible for the difference between 
the effect of stimulating the central and peripheral ends of the vagus. 

If. the. .penpheral end is:.s,timidated.the_heart is slowed and the 
blood-pressure falls abruptly, but recovers veiy sharply to above its 
P.Pbyious .level as...soon _as the stinaulation ceases, because, blood has ..,',1'; 
banked up in the veins. 

If the vagi are both cut the fall of pressure produced by 
stimulation of a central end is due to stimulation of the vasodilator J 
and iuhibition of the vasoconstrictor centres. Since it is vascular, 
therefore, the fall and recovery are slow and capacity effects have 
prevented any banking up of blood in the veins. T 

If one vagus is left intact the effects of stimulating the central - 
end of the other are intermediate. 


The Chemical Control of the Blood-Vessels. 


This control is both central and local. We have seen that .carbon 
dioxide s tunulates the vasomotor centre and that, in relation to the j f' 
capillaries, this substance 'and lactic acid cause dilatation of these t'j 
vessels. Td^ese chemical substa,nces, produced locally, take pre- 
cedence over nervous'" influences, for when the cervical sympathetic ' 
is stimurated’ the ."constrictor effect is seen to wear off as soon as ''■i 

the ear becomes asphyxiated. The importance of these facts is 
dealt with below. According to Fleisch the arterioles may also 
participate in this local chemical control. 

The Effect of Exeecisb on the Cieculation. 




The various changes are described as being actually brought 
about by exercise, but, as we shall see later, some of them may 
anticipate the exercise. This is especially true also of the secretion 
of adrenaline, which assists the nervous control to redistribute the 
blood according to bodily needs. (See Adrenaline.) 

Local Vascular Changes. — We now know" from the work of - , 

Krogh (Professor of Zoophysiology in Copenhagen) that the capillarie 
can alter their calibre independently of the arterioles, and that, like 
the latter, they are supplied with nerves (Hooker, see Capillary 
Circulation, p. 142). _ . . ' 

When exercise takes place, thereJs_marked dilatation of capillaries j ' 
in the active region. Tliis has been most convincingly demonstrated i 
by Krdghi By injecting indian ink into the blood-vessels of two ‘ , 

sets of frogs, in one of which the tongues had been stimulated 
to contract for some time previously, he found on examination of 
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sections that many more capillaries could be seen in the active 
muscle than in the resting tissue. 

What causes this dilatation has been a matter of some debate. 
The venous blood leaving a tetanised limb “contains a variety of 
vasodilator substances of which the most important are carbon 
dioxide, lactic acid, histamine, and adenosine triphosphate (Fleish 
and Weber, 1987). The same substances accumulate locally and are 
relea.scd into the venous l)lood if a part is asphy.xiatcd by obstructing 
it.s arterial supply, and as might be expected, extensive tetanisation 
of muscles leads to a state like histamine shock. 




AM 
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BP 
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Tin. S7. — Rfcord'i taken by tho tbennoatrohr. S, tlio ‘amount of ntimulatlon applied to tlio Ifinb. 
tho Incrra-ted Woud-flow pro^lticcd ia it. ii.Af, the blood-flow in the re'iting rnuscle.^i of tho 
oppodto side. UP, blood-prcasnro. (Uedmwn from Ilein.) 

The suggestion that histamine was concerned was first made 
Lewis and by Anrep, but more recently Feldbovg has found that 
tetanisation results in a secretion of gastric juice, a fact which 
supports tlie suggestion and which may be of considerable practical 
importance as physical rest is known to be an important therapeutic 
measure in cases of gastric ulcer. 

Tlie actual changes whicli take place in the blood-flow in a muscle 
during and after exercise have been studied by Anrep and by Rein. 
During a severe tetanus tho blood-flow through a muscle may cease, 
but immediately afterwards there is a greatly increased Jlo^y because 
of the diminidicd peripheral resistance! TTunhg’rliytlimic stimula- 
ndiF tire'TToNv IS greatly increased, as shown in fig. 87. 

At the same time, impulses appear to pass up the sensory nerves 
from the active tissues and bring about dilatation of the vessels 
supplying the part. Tliis is suggested by tho work of Lov(5n, who 
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found that if the afferent nerve from an organ was stinuilntccl, 
dilatation of the vessels in that organ ^Ya8 brought about rollexly, 
although there was at the same time a rise of arterial blood- 
pressure. 

General 'Vascular Changes.— While there is a local dilatation 
of vessels it is found that there is, provided the exercise is sulhcicntly 
severe, a j-ise of systolic blood-pressure, l''ho,jdiast,olic pressure rises \ 
less. This rise is almost entirely brought about by the mental ^ 
effort concerned since exercise without such effort, may result in 
a fall and the rise in exercise' is little greater than that produced 
by mental effort alone. The rise may be enhanced by stimulation 
of the vasomotor centre by afferent nerves and by carbon dioxide 
produced by the active muscles. 

At the commencement of the exercise the .rise is due to an 
increased peripheral-resistance and- an increased cardiac output. 
As the' exercise proceeds the diastolic pressure may actually fall 
because of the dilated vessels. Tlie increased cardiac output is, 
however, maintained by a rise of venous pressure and 'an .increased 
return of blood to the heart. 

The increased flow- through the active muscles, together with; 
the reduction of the capacity of the blood depots, raises th e- 
venou s pressure and this is enhanced by the compression of '"the 
yalved veins. The occurrence of a rise of venous pressure in 
exercise~was first found by Hooker and has been amply confirmed. 
At the same time the carbon dioxide, as we shall see later, 
stimulates respiration, which is such' an important' factor in causing, 
a return of blood to the heart that it is referred to as the respiratory/ 
pump. At each inspiration the descent of the diaphragm raises!* 
the pressure in the abdomen, similarly the intrathoracic pressure; 
is reduced and blood is, therefore, drawn into the thorax.. 

The moment the exercise ceases the blood-pressure ' - falls 
immediately as seen in fig. 88, p. 170. After bouts of severe and 
prolonged physical training, such as that of commando units, the 
systolic blood-pressure may remp-in low, e.g. 80 mm., for some time. 

Cardiac Changes, — The increased return of the blood to the 
right side of the heart brings about a large increase in the cardiac; 
output per minute which '.may be more than six-fold. This* occurs : 
.(i) in virtue of the increased filling, which increases the output per 
beat (see Output of Heart) ; and (2) because of the increased heart- 
rate, which is brought about partly as a result of direct action of 
increased venous pressure and warmer blood on the pace-maker, but 
chiefly through the nervous mechanism of the heart. 

There is a diminution of the normal vagus restraint of the heart 
and increased sympathetic activity. ' This is probably due to a 
variety "'of causes' partly and initially psychic, but continued by 
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reflex action once the exercise is begun. The latter effects are 
produced partly by the stimulation of afferent nerves in the active 
tis^esj_but -an- important mechanism concerned is the Bairibridge or 
right auricular reflex. 

![ The Baivhridge or ^Right Auricular. Reflex,— ^Nlien the pressure 
:( in the right auricle rises, impulses pass up the vagi to the 
medulla to inhibit the cardio-inhibitory and to stimulate the 


Effect cf Moderate Exercise on Heart Rate &. Blood Pressure 



Fio. S8. — ^Note tlio rapid rise of the B.P. and H.R. at the commencement of the exercise and the 
rapid fall even to below normal of the B.P. at the cessation. The fluctuations are probably reflex 
in origin. (After Bowen.) ^ 

cardio-acceleratqr ruechanism, with the result that the heart-rate 
increases. This was first demonstrated by Bainbridge,* who injected 
saline into the veins, and it has since been shown that distension 
of a small balloon in the auricle has the same effect. ;'If the vagi 
are cut, the same degree of cardiac acceleration does not occur, but 
since some acceleration occurs, after atropine, which paralyses the_ 
vagus-endings, it is evident that it is not wholly the reduction of’ 
efferent impulses of the vagus which is concerned. It is assumed 
then that the afferent pathway of the reflex arc is the vagus nerve, 
and, since cutting the sympathetic nerves still further reduces 
the acceleration, it is assumed that normally there is not_.only 
a reduction of vagus restraint, but also an increased sympathetic 
activity/ • _ . 

' ‘ ''iifter a short spell of gentle exercise in a healthy adult the 

* Bainbridge (1918) was Professor of Physiology at Newcastle and at St 
Bartholomew’s Hospital. 
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hoatt-ratc returns to a rate lower than its previous resting value 
presumably because of increased activity of the cardiorinhibitor}’- 
jeflexes — this after slowing becomes cumulative. 

Central Effects . — ^There is also evidence that the oxygen- want may * 
cause a direct central stimulation of the sympathetic and a reduction ^ 
of the normal vagus restraint, thus making it possible for the hearth- 
to accelerate in spite of the high blood-pressure and the de pre ssor ^ 
reflexes. * . 

In very severe exercise the rate and force of the heart may be 
still further increased by the secretion of adrenaline from the 
suprarenal glands, but that this does not accoimt for all the above 
results is shown by the fact that they occur after the glands have 
'been tied off. 

The Effects of Temperature. — Subsequently, if the exercise 
is prolonged, the, body temperature tends to rise and the hot 
blood stimulates the heat-regulating centre .and causes dilatation 
oL.the„ skin, vessels. At the same time there is an increased activity 
of the sweat glands, the metabolites of which also affect the vessels 
in their vicinity. 

The Effects of the Higher Centres. — Eyen3ef ore .. exercise 
begins there is an acceleration of the heart and a general constriction 
of vessels, but how this effect of the higher centres is brought about 
is far from clear. Mental activity alone will bring about similar 
effects, causing in some individuals a rise of pressure of 50 mm. Hg 
above normal. Even minute amounts of mental effort were shown 
by Mosso to cause a diminution in limb volume. This has been 
amply confirmed and it is considered that the diminution of the 
electrical resistance of the skin, the psychogalvanic reflex, 

which accompanies such effort, is due to ‘ this ' vasoeoMfrictibh, 
for it has been shown that all circumstances which cause vaso- 
constriction of the skin {e.g. the injection of adrenaline or pituitrin 
or cold applied to another part of the body) cause a similar fall in 
the electrical resistance. 

It has been suggested that the sweat glands are concerned in the reaction, but 
Waller has shown that atropine does hot abolish the reaction, and profuse sweating 
does not cause such a fall unless the skin has been dry. It is probable, how- 
ever, that if the sweat glands and the vessels thereto are absent, as sometimes 
occurs, the reaction also is absent. The suggestion that the reaction is not 
really due to a change in resistance is negatived by the observation that it occurs 
if an alternating current is used in the determination of the resistance. Changes 
in electrical potential also take place, but unlike the changes of resistance are not 
abolished if the limb is emptied of blood by bandaging. 

..The electrical resistance depends on the. superficial layers of the 
.epidermis (Ee^s and Zottermann), which according to Dehsham are 
deformed by the vasoconstriction of the^ underlying vessels of_^ 
dermis." — - Since " similar " changes occur oh sensory stimulation in 
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animals and in man, if such stimulation is. merely threatened the 
so-called effects of the higher centres may be looked upon as' being- 
in some way due to a “c.onditioned.sensory.stimulatiom” 

The vascular effects of emotion are by no means confined to the 
skin. It has been foiuid possible to keep the spleen or the colon of 
a dog outside the abdominal wall. The epithehum rapidly grows 
over it and the animal suffers no discomfort (Hargis and Mann, 
Barcroft and Stevens, Drury and Dlorey). In states of emotion the 
spleen and the vessels of the colon are seen to constrict. 

The Effects of Training. — As might be expected, training 
makes the circulation more efficient, a fact which is particularly 
well seen in relation to the output of the heart, which in the very 
highly trained athlete is stated to reach the astounding figure of 
,30 htres per minute during severe exercise. The size of the heart 
as seen by X-rays is increased. 

Thejncrease. is, brought about more, by an increased output per 
beat than by an increased heart-rate; indeed, exercise increases the 
heart-rate less in the trained than in the untrained man. We have 
already noted that - the heart-rate is markedly slower in the former, 
presumably the result of an increased actmty of the general depressor 
reflexes from the carotid sinuses and cardio-aortic regions. It is 
probable, too, that the vascular component of the depressor reflexes 
is also increased ; that is, the total capacity of the circulation and 
total blood volume is increased. The effect of training on the. 
circulation is seen in relation to the ouigjut of the heart. 


; 

Minute-output 

Output 

Ihilsc-rate 

CbciBcient of 


of heart. 

per beat. 

per min. 

utilisation. 

Untrained . 

4'S litres 

•62 c.c. 

77 

0*30 

Trained 

5*65 ,, 

i ; 

103 „ 

55 

0*26 


The above figm’es were recorded by Lindhard from the same 
individual at rest before and after training. (Bainbridge, Schneider.) 


Effect of Geavitt on the Cikculation. 

The main effect of gravity is that the blood tends to accumulate . 
in the veins of dependent parts. Thus, if an animal is placed 
suddenly with its legs hanging down, less blood returns to the 
heart, and the blood-pressure in the arteries falls temporarily 
in consequence. If the va .somotor system is acting propeidy, how- 
ever, the blood-pressure rapidly 'returns to norihal as the fall of 
blo.od-pressui'e together with_ the partial cerebral anfemia .causes, 
stimulation of "the” heart and of the vasomotor centre and vaso- 
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of . the splanchnic area. If the vasomotor centre is 
inefficient, the cardiac acceleration is all the more marked. Leonard- 
Hill^^' suggests that this might be used as^^anest of vasomotor 
efficiency. At the same time increased respiration causes an 
inci eased return of blood to the heart (see Effect of Respiratory 
Movements on Circulation). 




Untrained. 



Trained, 


HR 

. 

Lying.^ 

72 

Sitting. 

76 

standing 

80 ■ 

Lying, 

60 

Sitting. 

65 

Standing, 

72 

BP 

• 

. U5 

118 

120 1 

■ 120 

130 

134 


The effect of change of posture on the heart-rate (HB) and blood-pressure (BP) of healthy young 
adults. Great individual variability occurs. 


A very striking illustration of the effect of gravity on the cumula- 
tion can be demonstrated on the eel. The animal is ansesthetised, 
and a small window is made in the body wall to expose the heart. 
If the animal is then suspended tail downwards, the beating heart is 
seen to be .empty of blood ; all the blood accumulates in the tail and 
lower part of the body ; the animal has no “ respiratory piunp,” such 
as a mammal possesses, to overcome the effects of gravity. If, 
however, the animal, still with its tail downwards, is suspended in 
a tall vessel of water, the pressure of the water outside its body 
enables it to overcome the hydrostatic effect of gravitation, and 
the heart-cavities once more fill with blood during every diastole. 
Another experiment was originally performed by Salathe on a 
“ hutch ” rabbit. If the animal is held by the ears with its legs 
hanging down, it soon becomes unconscious, and if left in that position 
for about half an hour it will die. This is due to ansemia of the 
brain ; the blood accumulates in the very pendulous abdomen which 
such domesticated animals acquire, the vasomotor mechanism of 
the splanchnic area is deficient in, tone, and cannot he set into such 
vigorous^action as is necessary to overcome the effects of gravity. 
Consciousness is, however, soon restored if the animal is placed in a 
horizontal position, or if while it is still hanging vertically the abdomen 
is 'squeezed or bandaged. A wild rabbit, on. the other hand, suffers no 
inconvenience from a vertical position ; it is a more healthy animal 
in every respect; its abdomen is not pendulous, and its yasomotor 
power is intact. 

. It may he .shown that carbon dioxid e is neces sary for the adequate 
response of Jhe vasomotor :cAntre,to,.posture (Mc’Iiowali). An animal 
' fiaay'lrespond perfectly if the carbon dioxide is normal, but if it is 
over- ventilated it no longer responds. Some persons show the 
same reaction. ' . 

* L. Hill was Professor of Physiology at the London Hospital. 
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The transient giddiness experienced after an illness on assuming 
the erect posture is due to ^similai^ cerebral ansemia. The debility 
following influenza is in part due to this cause; in some instances 
the arterial pressure, although normal in the horizontal position, 
falls to under 80 in the erect posture. 


' The Effect of Centrifugal Eorce. 

Centrifugal force equivalent to several times that of gravity 
may affect pilots of aircraft when making rapid turns. The sudden 
fall of blood-pressure produced causes a visual black-out which 
Hiay be counteracted by abdominal compression. 

The Effect of Haemorrhage. 

The effects of haemorrhage depend on its severity and its 
duration, and are important as by them the clinician— diagnoses 
.intg rnal hsemorrha gg. 

If a small amount of blood is removed from the body there is 
a temporary fall of arterial blood-pressure during the removal from 
which there is rapid recovery. “ This recovery is due largely to 
increased activity of the vasomotor ' centre. How the centre is ' 
stimulated is not quite certain. It has been common to explain the 
increased activity as the result of a ^ eduction of ^depressor impul ses 
from the carotid sinus and cardio-aortic region. ' This does "not, 
however, occur unless the haemorrhage is very severe; indeed small 
degrees of haemorrhage increase the activity of the depressor reflexes./ 
It has also been shown ’ that after haemorrhage pre ssor impuls es , 
pass up the vagus (McDowall). The presence of such' pressor fibres 
in the vagi is shown by the fact that after severe haemorrhage section 
of the nerves causes' a fall of arterial pressure (Pavlov). The actmty 
of the vasomotor centre causes the spleen to constrict and to throw 
into the circulation its reserve of blood. It causes also constriction* 
of the vessels of the intestine and of the skin, which leads to obvious 
^ pallor.. TMs constriction of vessels increases the peripheral resistance 
and hence the large fall of venous pressur e which persists much 
longer, than the arterial fall. 

This fact is probably of considerable practical value as bleeding 
may be used as a therapeutic measure to reduce the work to be done 
by a weak heart. 

If. .the hsemorrhage is severe the recovery process is slower, but the 
blood voluine^is rapidly made up from the tissue fluids which enter 
the 'blbodTas 'a result 1of^^ the*' Talk ‘in' "capillary pressure. If the • 
i hemorrhage is repeated over a period of weeks the yellow marrow 
vof the bones becomes red through increased activity and commences 
rto form blood-corpuscles. 


• - i 
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Tha.Ii e a rf i -j ate_is _usuallv increased, by haemorrhage as, a result of 
a reduction in the hn^lses wfiich nomally depress the heart via the 
vagus, centre. In severe haeihorrhage the. oxygen-lack produced also 
stimulates the sympathetic, but there are several points in relation to 
the cause of the increased heart-rate which still need investigation. 

It has been found, however, that in many donors at blood-depots 
the heart becomes slow when half a pint of blood is removed, but this 
may be psychological. 

The respiration, we have seen, at-hrstJiecomes_deeper and more 
rapid*; it then changes its character, inspiration being mdre^blonged ' 
(air hunger). Finally, there is gasping and the centre fails. The 
initial increased activity (air hunger) greatly aids the return of 
blood to the heart (see Effect of Eespiration on Circulation), 

Unless a large vessel is opened hsemorrhage is for various reasons 
.seldom fatal. The damaged blood-vessel retracts and contracts, 
and tliis, together with the clotting of the blood, tends to close the 
opening, while the formation of the clot is facilitated by the fall, of 
arterial pressure. For these reasons a section even of such a large 
vessel as the radial artery may not cause death. 

The extensive practice of bleeding, usually about | pint, for 
the collection of blood for transfusion purposes in war-time has 
led to an extensive study of the changes which take place in man. 

I-' These are almost the same as occur in animals, but often, there is 
I no active sympathetic reaction but the reverse, with a slowing of 
! the heart, fall of blood-pressure, and fainting. How far this is 
p,sychological and how far it is due to loss of activity of the vaso- 
mbtoF”centre consequent on overbreathing, or the. actual loss of 
blood, has not been decided. There is great individual variability. 

Local Peculiarities of the Circulation. • 

The Coronary Circulation. — A separate blood supply to the 
heart is peculiar to animals above the reptiles. In mamrnals the 
amount of the coronary flow is remarkable, and it is estimated that 
it takes about a quarter , of the total cardiac output.* This has been 
ascertained in a heart-lung preparation (q.v.) in which it is easy to 
measure the output by collecting the blood as it flows from the 
coronary sinus by means of a special cannula. The rate of inflow 
may also be studied by supplying the. coronary vessels of a beating 
heart with blood from a reservoir and recording by means of a 
rapidly acting optical recorder the interruption to the flow caused 
by the beat of the heart (Wiggers). The_flow-,in ._ t he_j3oronayy 
arteries practic^ly_ .ceases during- the - systole-of- -the -heart ...wMch 

[gySoubtful if this figure holds for the intact animal although it is, true of 
the heart -lung preparation (Anrep). ,, 
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can be looked . upon_as massaging . the coronary circulation, the 
flow from the vgnous simis bemg greatest at the beginning of 
syi^^(Snrep). “ ; 

A s in muscles^generally the -flow is , increased .by^exercise,. by 
ipxygen-want, and to a -lesser extent by excess of carbon dioxide, 
jin exercise it is calculated that the flow may amount to as much 
'as 14 litres per minute. 

The flow varies according to the mean aortic blood-pressure. 
Anrep and Segall found that a rise of pressure from 50 to 130 mm. Hg 
would cause a rise from 20 to 250 c.c. per minute in the denervated 
l\ heart-lung preparation. As the cardiac output increases, so also 
I; does the flow when the cardiac nerves are intact. 

The vessels are constricted by stimulation of the vagi and 
dilated by sympathetic stimulation or by adrenaline. The muscle 
of the heart then appears in this respect to be little different from 
the Voluntary muscles which it serves. 

The Pulmonary Circulation. — A consideration of this circula- 
tion is deferred until respiration has been studied, as it is profoundly 
affected by the respiratory movements. 

The Cerebral Circulation. — The brain must always be supplied 
with blood, for otherwise^immediate loss of consciousness would 
follow. Pour arteries — two carotids and two vertebrals — are supplied 
to the brain, and these anastomose together in the circle of AVillis. 
Two of the brain arteries can be tied' in monkeys, and three or even 
all four in dogs, without the production of serious symptoms. In 
the last case enough blood reaches the brain by branches from 
the superior intercostal arteries to the anterior spinal artery. In 
I man the sudden occlusion of both carotids causes loss of 


consciousness. 

The large venous trunks or sinuses are formed so^as jjo be scarcely 
cajpable of c hang e^f size, surrounded, as they are, by the tough tissue 
\ of the^ura mater, and, in some instances, bounded on one side by 
: the bony cranium. There are no valves between the vertebral veins . 
I and the vena_cava, and hence any raising of the general venous 
! pressure m ttie thorax or abdomen is communicated to the brain, 

I a fact which no doubt contributes to the occurrence of cerebral 
’ haemorrhage when straining at stool. 

Since the brain is enclosed in the rigid cranium, it used to be 
thought that the quantity of blood must be the same at all times 
and that changes in the blood-flow must be dependent on the con- 
dition of vessels in other parts of the body. The arteries, however, 

• have muscular walls and are supplied by nerves. 

In 1928 Porbes and Wolff, by introducing a window into the 
• skull in order to maintain' the normal environment of the vessels, 


were able to observe that the vessels contract when the cervical 
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sympathetic is stimulated and- dilate.. _on s 'timulation of the central 
end-of~the,-vagus.' ■ Indeed, the eerebrarve^s'‘hav'e”been- shown- to 
react to various procedures exactly as do the vessels elsewhere. 
The exact significance of these facts is not quite clear. It may be 
that when a local change in the vessels takes place there is com- 
pensatory change in other parts, or it may be that the cerebral fluid 
within the cranium may change appreciably in quantity. It seems 
possible that when one part of the brain is active, other parts of the 
organ become less active ; indeed, it is common experience that we 
cannot use the whole of the brain at -once. The physiology of 
attention may depend on these facts. Of interest in this respect 
is the observation that the intravenous injection of hypertonic saline 
causes a distinct reduction of 'the volume of the brain. 

These experiments confirm the observation of Claude Bernard, 
who found an, increase of brain temperature on section of the 
cervical sympathetic. Several workers, e.g. Cyon and later Wiggers, 
have demonstrated that the vessels are constricted by adrenaline. 

At the same time the cerebral circulation is profoundly influenced 
by the general blood-pressure. If this falls, the blood-flow 
through the brain may be so reduced that unconsciousness occurs, 
as in fainting, when the vessels of the body generally become • 
dilated. 

It is not the, volume of the blood in the brain so. much as the';' 
velocity of its flow which is altered by changes in the general circula- j 
' tion.~ If the aortic-pressure rises and the vena cava pressure remains;, 
constant, there is increased velocity of flow. While if the aortic,' 
pressure remains constant and the vena cava pressure rises, there is . 

- diminished velocity of flow. 

The brain presses against the cranial wall with a pressure,equal 
• . to -that in the cerebral capillaries. A foreign body introduced 
; within the cranium, such as a blood-clot or depressed bone, produces 
i local ana3mia of the brain, by occupying the room of the 'blood. So 
i soon as the capillaries are thus obliterated the pressure is .raised to 
arterial pressure. The serious results that follow cerebral com- 
pression are primarily due to obliteration of the capillaries, and 
consequent anaemia of the brain. A very small foreign body will, 
if situated in the region of the bulb, produce the gravest symptoms, 
for apart from trauma it may cause anaemia of the centres' which 
control the vascular and respiratory systems. The cerebral hemi- 
spheres may, 'on the other hand, be compressed to a large extent 
without causing a fatal result. 

Haemorrhage from a fractured skull may cause the brain to be 
forced downwards and compress the medulla against the foramen 
magnum. When compression occurs from any causes a sequence of 
events may occur, Birst the centres are stimulated, vasomotor, cardio- 
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accelerator and cardio-inhibitory — in that order — and later they all 
are paralysed, together with the respiratory centre, and death results 
if the compression is not relieved. 

The Cutaneous Circulation. — The circulation^ through the skin 
is of special importance as many of the changes which occur in it are 
visible to the naked eye and are important in the diagnosis of 
disease. The changes which occur 'a ffect its colour and temperature. 

The blood-vessels of the skin consist of two plexuses, a sub- 
p^illary plexus which sends capillary loops into the skin papillm 
(see sHn), and a^ubcdermal plexus. Nojvns^ls^pajs to the epidermis, 
but if this is rendered transparent by oil the capillary loops may be 
seen through it. Apart from pigmentation, it is the amount and 
quality of the blood in the sub-papillary venous plexus which 
determines the colour of the skin. The following conditions may occur. 

1. The arterioles, capillaries, and venules may be constricted. 
This causes the skin^ ;^^be_pale- and * cold, and occurs typically in 
haemorrha ge and in shoc k. This occurs because the skiu, especially 
the sub jpapiTIary plexus, is one of the impor^nt blood-depots of the/ 
body and in man may contain 1. litre of blood. Exposure to cold, 
which constricts the skin vessels and probably others, may increase 
by direct action and reflexes the ^output of the heart by as much 
as 50 per cent. The vessels of the skin appear to be kept open 
largely by the pressure of the ‘ blood within them, for they constrict 
when the activity of the vasomotor' centre is reduced and the vessels 
of the body generally dilate as in tlie ordinary faint. A less marked 
pallor occurs when there is a deficiency in haemoglobin in the blood. 

2. The arteriolea capillaries, and venules may be dilated. This 
causes the skin to be red and warm. It occurs typically in . 
inflammation and after irritation of the skin. 

3. The arterioles and venules may be dilated but the capillaries 
constricted. This causes a hot. pale skin, which occurs sometimes in 
fevers and after loss of the nerve supply, since the capillaries but 
not the arteries may regain their tone. 

•4. The arterioles and venules may be constricted but the 
capUlaries dilated. This causes a cold blue skin, since blood trapped 
in the skin capillaries' loses its oxygen. It -occurs in -the 
extremities when exposed to severe, cold and represents an attempt 
of the body to conserve heat. 

Whether the skin is blue or pink when the circulation is normal 
depends on the colour of the blood itself, and particularly on the 
amount of- reduced hDemoglobin in the arterial blood. ‘\^en the 
total hsemoglobin of the blood is low as in anaemia the patient is 
pale and even in mild asphyxial states does not become blue, since . 
the amount of reduced haemoglobin is not sufiicient to produce this 
colour. 


- / 
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Mottling of the skin is seen in many fevers and is considered to 
be due to the patchy nature of the circulation. A mottling of 
the skin over the shins can be produced by sitting too 'close to an 
open fire. This is popularly known as “ G-ranny’s tartan.” 

The Response of the Skin to Mechanical Injury. 

If the skin in a normally unexposed part is stroked with a 
blunt object a white line is produced, but if the stimulus is just 
slightly more severe it is followed rapidly by a red line.^ The 
first is -due to mechanical stimulation and contraction of the 
capillaries and the second to the local production of a chemical 
substance, .(like histamine, Lewis). This is shown by the fact that 
the duration of the reddening is affected by the rate of circulation 
through the part. In some persons with sensitive skins the reaction 
may be much more severe and actual wheals may be produced. 

Outside the area stroked appears a red flare or flush. This, 
since it is abolished by nerve section or ansesthetisation, has been 
shown to depend on nervous reflexes. The complete phenomenon 
terminating in whealing is called the triple response. 

In normal persons a number of procedures may bring about 
whealing and blistering of the skin, 6.^._excessive„heat,„or. cold_pr 
mechanical injury. The evidence is very complete that the bhster 
is^produced as' a result of the similar release of a histamine-like 
substance which dilates the capillaries and causes their walls to 
be abnormally permeable so that the fluid of the blood seeps through 
too rapidly. 

Erectile Structures , — The instances of greatest variation in the quantity of 
blood contained, at different times, in the same organs, are found in certain 
structures which, under ordinary conditions, are soft and flaccid, but, at certain 
times, receive" aixjunusually large quantity of blood, become distended and swollen 
by it, and pass into the state which has been termed erection. Such structures are the 
corpora cavernosa penis and corpus cavernosum urethrce in the male, and the clitorns 
in the female. The corpus cavernosum penis, which is the best example of an erectile 
structure, has an external fibrous membrane or sheath ; and from the inner surface 
of the* latter are prolonged numerous fine lamellm which divide its cavity into 
small compartments. Within these is situated the plexus of veins on which the 
peculiar erectile property of the organ mainly depends. It consists of short veins 
which very closely interlace and anastomose with each other in all directions, and 
admit of great variations of size, collapsing in the passive state of the organ, but 
capable of an amount of dilatation which exceeds beyond comparison that of the 
arteries and veins which convey the blood to and from them. The strong fibrous 
tissue lying in the intervals of the venous plexuses, and the external fibrous 
membrane or sheath with which it is connected, limit the distension of the vessels, 
and during the state of erection, give to the penis its condition of tension and firm- 
ness. The same general condition of vessels exists in the corpus cavernosum 
urethrae, but arotind the urethra the fibrous tissue is much weaker than around the 
body of the penis, and around the glans there is none. The venous blood is 
returned from the plexuses by comparatively small veins. For all these veins one 
condition is the same ; namely, that they are liable to the pressure of muscles when 


/ 
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they leave the penis. The muscles chiefly concerned in this action are the erector 
penis and accelerator urinae. Erection results from the distension of the venous 
plexuses 'witli blood. The principal exciting cause in the erection of the penis 
is psychological but it may also be produced by irritation, originating in the part 
itself, and derived reflexly from the brain and spinal cord. The nervous influence 
is communicated to the penis by the pudendal nerves, which ramify in its vascular 
tissue ; and after their division the penis is no longer capable of erection. 

Erection is not complete, nor maintained for any time except when, together 
with the influx of blood, the muscles mentioned contract, and by compressing the 
veins, stop the efflux of blood, or prevent it from being as great as the influx. 

The Magnitude and Variability of the Arterial Pressure. 

' In view of the ease with which blood-pressure may be deter- 
mined and the practical importance of the subject, we may now 
summarise the factors which determine and vary its magnitude. 

1. The Peripheo^al Resistance, — ^This may be reduced by removal 
^of the nervous control of the blood-vessels, or by the action of 
chemical substances. It is increased similarly by any means which 
constrict the peripheral vessels. 

2. The Elastieity of the Vessels, — No change occurs physio- 
logically but in disease and in old age the vessels may degenerate and 
become less extensible. An associated reduction of calibre leads to 
a high blood-pressure. 

3. The Oiitp%tt of the Heart, — This jn turn depends on: (a) the 
efficiency of the heart; (&) the venous return. A marked reduction 
in either causes a fall of arterial pressure if severe, but lesser degrees 
are compensated for by an increase in the peripheral resistance and 
a diminution in the capacity of the circulation. From the point of 
view of clinical medicine it is important to note that in' slow heart 
failure the blood-pressure falls only towards the end. The factors 
which vary the venous return have already been discussed and may 
now be summarised. The y are : j he amount of blood , in^ the body, 
the capacity of the circulation especially'^of the yeins and capillaries, ' 
the^mmmruf ''■blood ‘‘Teaching the veins from the arteries, the 
respiratory movements, and" capillary compression in exercise. 

The Efficiency of the Circulation. 

Many attempts have been made to arrive at some standard by 
which the efficiency of the circulation may be measured, since failure 
of the circulation, especially of the heart, is a common concomitant 
of disease and limits capability for work. The difficulty is that 
muscular capability varies very much, and what may be strenuous 
exercise to one subject may he negligible to another. All such tests 
attempt to ascertain the tolerance of the heart to eiSort. 

The Effort Tolerance Test was introduced by Cotton arid Lewis, 
1918, and as used by Schneider consists of stepping on and off 



CH. XIV.] THE EFFICIENCY OF THE OIKOULATION . 181 

stool 18|t_in.clies-Mgli-5-times-iiLjl 5 se conds and recording the 
time taken for the pulse to return to normal. This mild exercise 
causes a . moderate rise in the heart-rate but there is a rapid return 
to normal, j f the heart does not_return to n ormal in 1 minute (i.e. 
does not g et^d ot _the-lncrea^(i-Kenous pressure) it~is p^robably 
‘inefficient. In all such tests it is essential that the subject should 
be at physical and mental rest before commencing the test. 

The 40 Millimetre Test. — In the Eoyal Air Force the 40 mm. 
test is used. In this test the subject after a deep breath blows 
(with his nose clipped) into a mercury manometer and maintains 
its level at 40. A fit subject should maintain .this pressure for 
52 seco nds a nd sh ow no c hang e in blood-p ressure,or_.heart:rate until 
Jhe..ieache8 “lireaking point.” The test is purely arbitrary and is 
somewhat difficult" to analyse, as it involves respiratory acid-base 
and mental as well as circulatory considerations. 

The response to posture may also be taken as an indication of 
circulatory efficiency (Leonard Hill, 1894). The more efficient the 
circulation the less is the increase of the heart-rate when a recumbent 
subject assumes the erect posture. In efficient p e rsons the heart- 
rate does not increase on standing nor should there be anyjall of 
'arterial pressure,~indeed~there-is"comm'oniy'irrise_of SHO mm. 
ormeipu^l The tesThiaF'been~eTabmlftAd"T5y"Grampton in America 
who devised a scale by w'hich an efficiency index was arrived at. 

Turner has elaborated the test still further and in arriving at an- 
index takes into consideration the reclining pulse-rate, the pulse 
pressure, the diastolic pressure, and the effect of prolonged quiet 
standing (15 minutes). 

The Oxygen Consumption Test. — This test has not been much 
used, but from the work of Hemingway and his colleagues it would 
seem that it is probably the best test in fit persons— in whom the 
oxygen-uptake should reach 2 OflQ-c,c.-per— minute, but may actually 
reach 5000 c.c. It is a combined test for the hsemo-respiratory 
system. 

All such tests may be supplemented by noting the effect of 
a moderate exercise on respiration and the sensations of the subject 
generally. 
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THE BLOOD DEPOTS 

It has now become clear that mil the blood in the body is not 
in active circulation. Some is circulating slowly or may even 
be stagnant in certain parts. It is, however, readily ' available 
should necessity such as imposed by exercise or haemorrhage 
demand. 

One of the most, impoidant depdts is the skin. The pallor of 
the skin in illness and particularly in hfemorrhage, especially if 
the htemorrhage is internal, has an important diagnostic value. 
It is probable that practically all the organs of the- body participate 
with the possible exception of the brain, heart and muscles. Another 
. important depot is the splanchnic .region, including the hver, and 

according -to some workers'the’luhgliah act in this way. 

As we have seen in relation to the control of the circulation, 

it seems probable that a chief function of the general vasodilator 
reflexes is the maintenance of the blood depots at adequate capacity. 
It' would seem that the spleen has a special function as a dep6t 
. and it is therefore considered separately. 

The Spleen, which li^s to thelef t of the stornach, is a sponge-like 
organ covered with a fibro-elastic smooth muscular coat from which 
trabeculce of muscular and fibrous tissue run to the interior. Its 
histological appearance gives but little clue to its function, because 
at death it is in a state of extreme contraction. Although many 
red blood corpuscles are seen in the usual histological sections, 
white blood corpuscles predominate, and the organ has the general 
. appearance of a lymph gland in which are placed the characteristic 
Malpighian corpuscles, which are aggregations of white cells around 
growing centres, but the differences in its appearance from time to 
time led Gray the anatomist in 1854 to describe it as a storehouse 
for blood. This was amply confirmed by Barcroft and others who 
were led to the study of the organ by finding that carbon monoxide 
did not enter a-nd leave the splenic blood so rapidly as it did the 
blood of the animal as a whole. They found also that the blood of 
the normal spleen is specially rich in red blood corpuscles. It is, i 
however, very difficult to say how important this function is in man 1 
for the ca psule, of .the human spleen is almost devoid of muscular j 
tissue. 
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THE SPLEEN 


The blood is driven out when the organ contracts, the endothelium 
of the spleen -pulp being continuous with that of the . capillaries. By 
use of the plethysmograph Schafer and Moore demonstrated that it 
undergoes spontaneous rhythmical contractions, which,have-presum- 
ably the function of changing the splenic contents from time to time 



Fio. 89. — A record of blood-preseure and of spleen movements taken by tying threads to each 
end of the spleen of a cat and connecting them over pulleys to a lever. Upward movement in 
the splenic tracing indicates contraction. The record shows the contraction of the spleen 
caused by the intravenous injection of adrenaline. The vagi were intact and the rise of blood- 
pressure is not so large as it otber^vise might have been. (McDowall.) 


apart from that brought about by the blood flow. They found that 
it could be made to contract by a large number of difierent procedures. 
Thus, if the spj gnic nerves are cut, the organ relaxes.; if, now, the 
peripheral e'flds are stimulated, it contracts. Appai-ently Jt is 
controlled by the vasomotor centre, since it contracts when 'the 
centre is stimulated by accumulation of ■ carbon dioxide or by 
sensory stimulation, or when any part of the efferent pathway from 
the centre to the spleen, e-.g. the spinal cord, certain anterior nerve- 
roots and splanchnic nerves, is stimulated. Tu exercise also when 
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the vasomotor centre and syinpathetic nervous system generally 
are-active _ the ..spleen, is markedly reduced .in size, as Barcroft has 
recently shown in the dog, by bringing the organ permanently to 
the surface, so that it may be observed under varying conditions. 

Ij A striking fact regarding the spleen is the surprising speed with 
//which it may contract or relax (fig. 89, p. 183).' 

\l Other most ingenious methods have been used to observe its 
changes in the animal. For example, clips opaque to X-rays have 
been attached to its margins (McSwiney and Spurrell). It becomes 
fixed in this position/ epithelium rapidly grows over it and no 
apparent discomfort is caused. Its contractions can then be 
observed (Barcroft and Stephens ; Hargis and Mann). 

At first sight it might seem that the amount of blood stored by 
the spleen is negligible but it has been shown by Daly on a closed '' 
heart-lung preparation that quite small quantities of blood, e.g. 30 c.c,,_ 
make large changes in the circulation rate as the cardiac output 
is much increased, e.g. by 500 c.c. per minute. Actually it has 
* been ealculated that contraction of the spleen can -increase the 
blood volume^ by 1 0 to 12 per cent, and the blood count by about' 

5 per,, cent. -The blood expelled from the spleen is specially rich); 
in red cells. , 

lii the body this reduction of spleen capacity is detracted from 
to some extent in exercise by the increased capacity of the active 
tissues, but it must be understood that the power of acting as a 
storehouse forblood is probably shared by a number of abdominal 
organs, e.g. the intestine and hver. For example, the exteriorised 
colon constricts in circumstances similar to those which affect the 
spleen. 

The circumstances which cause constriction in the unansesthetised 


animal are emotiqn,„oxygen-want and conditions which cause general 
sympathetic excitement. ■ ^ 

~ '“'It seems probable that in some of the lower animals the spleen -is 
of more importance as a blood-depot than in man. In the cat it 
may contain a third of the blood corpuscles in the body and about 
one-sixth of the total blood -volume. In man the relative amount is 
much less and the spleen is much less muscular. It can be re moved 
with out pro ducing,.any-harm£ul-effect.-. ^ 


Other Functions of the. Spleen. 



The, presence of the Malpighian'corpuscles with large nucleated cells 
and of so many white blood corpuscles in different stages of formation 
and its rhythmical contractions suggest, however, that in addition to 
being a blood depot it probably has functions in regard to the 
quality of the blood, fit would appear that a .given quantity of 
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certain space o£ time and is Uiercby , 
roperties which are importand^ Tho 


' oa’hER ^VUNCTIONS^ OF TnE^PLE^^^^ l-. r -, . .iSS 

blood is held in the organ for a ( 
purifiedf ;or has added to it properties 

spleen lias been found to have the following additional function’s^ — ^ 

(1) The spleen, like the lymphatic glands, is engaged in' f/tc 
formation of the white hlood-corpuscles, for the blood of the splenic 
veiir CQn.taii\.s an nwa&nally large proportion of l ygapl vooxtes... 

'^Eemoval of the spleen is not fatal; but after its removal j; 
there is an, overgrowth of the lymphatic glands to make up for , 
its absencey' • ’ 

(2) It 'plays an important part in some young animals in the ^ 
formation of red blood-corpuscles, and in these when the spleen is ‘ 
removed the red bone-marrow hypertrophies. 

' (3) It also assists in _ the destruction of effete red blood- 
•"■corpuscles and is therefore rich in lipides —cholesterol and lec itbiri — . 

in iron , of which it may be considered a storehouse, /jin most I 
animals the organ is particularly rich in reticulo-endothelral cells, ^ 
which as we shall see later have a particular function in ridding 
the blood of general debris. ) --*• 

■ ' (4) The spleen participates in , nitrogenous inetabolism, espeoi- .- 

ally in the formation of uric acid (see Purine Metabolism). .\ 

^ These functioi^S do not appear to be particularly important in 
fnormal persons, foi’, as we have seen, the spleen may be removod 
/without any apparent harm to the subject. In disease, e.g. malaria, * 
' in which it helps to deal with the parasites, .these functions of the 
spleen become grossly deranged> and instead of being a comparatively 


insignificant organ, it may become enormous. 
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The existence of glands which partake of the nature both of the . 
spleen and of lymphatic glands, has long been known. They have* - 
been fully investigated by Lewis. He finds them in most mammals, 
and they can be readily distinguished from ordinary lymphatic glands 
by their red colour. He distinguishes (1) licemal glands, which are 
characterised by the fact that the sinuses contain blood only ; . the.,;, 
spleen is in fact a large" hsemal'glah'djyahd,. (2j /lopmar 
glands, in which the sinuses areyfilled with a mixture of blood and 
lymph. 


The Control of the Blood Depots, including the Spleen. — It 
now seems probable that the blood depots are controlled primarily 
by the depressor reflexes from the caroti^siims__and rtie arch of 
the aorta;\?lm£rbIhda“irneeffhdT6Fah^ purpose, '6.y7for'’ niltscular ; 
exercise^' tliese reflexes are ^duced with the result that the depots 
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THEJ^IPHATIG ^SYSTEM . 

As the blood circulates through the capillaries, some of its liquid 
constituents filter through the thin walls of these vessels/'carrying 
' nutriment and oxygen to the tissue cells./ This exudation 'is called 
tissue Jluid.:iiJ.n the tissues it has added to it the products of 
metabolic activity, n otabl y water and carbon dioxide. Some of the 
tissue fluid finds its way back to the venous end of the capillaries, 
but most is collected in the lymph hhannels, which converge to 
the thoracic duct — the main lymphatic vessel — and thus once 
more enters the blood-stream at the junction of the left internal 
jugular and left subclavian vein (fig. 90). There is a smaller duct 
on the right side. 

- I /, Lymph is therefore a fluid, which comes into much more intimate 
.relationship with metabolic processes in the tissues than the blood. 


Lymphatic Vessels. 

The lymph is gathered up and carried back again to the blood 
by a system of vessels called lymphatics* 

The principal vessels of the lymphatic system are, in structure, 
like small thin-walled veins, provided with numerou s valves which 
give them a beaded appearance. They commence in fine microscopic 
lymph capillaries, in the organs and tissues of the body. The fluid 
which they contain passes in one direction only from the fine 
branches to the trunk, and so to the large veins, on entering which 
it is mingled with, the stream of blood. The lymphatic vessels of 
the intestinal canal are called lacteals, because during digestion (if 
the meal contains fat) the fluid contained in them resembles milk 
in appearance ; and the lymph in the lacteals during the period of 
digestion is called chyle. Chyle is lymph containing finely divided 
fat-globules. We shall see presently that in some part of its course 
the~ lymph-stream passes through lymphatic glands. 

Origin of Lymph Capillaries . — The lymphatic capillaries com- 
mence most commonly either («■) in closely-meshed networks (figs. 90 
and 91), or (6) in irregular lacunar spaces,' lined by endothelium, 

* Some authors consider the tissue fluid and lymph to be separated by the 
wall of the lymph channels. (See below.) 
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inner side of the gland, the capsule sends inwards processes called 
which the blood-vessels are contained, and these join 
with' other ■ processes ■ prolonged fro^^ inner surface of _ the 
part of the capsule covering the convex or outer part of the 
gland; they have a structure similar to that of the capsule, 
and, entering the gland from all sides and freely communicating, 
form a .fibrous scaffolding. The interior of the gland is seen on 
section, even when examined with the naked eye, to be fnade 
up of two parts, an outer or cortical, winch is light coloured. 



Fio, 91. — Diagrammatic section of lymphatic gland. oJ., Afferent; e.I., eflerent lympliatics ; C, 
cortical substance; /.A., lymphoid tissue; l.s., lymph-path; c., fibrous capsule sending trabeculse, ' 
fr., into the substance of the gland. (Sharpey.) 

and an inner or mcd^dlary portion of redder appearance (fig.- 
91). In the outer part, or cortex," of the gland the intervals 
between the trabeculjB are large and regular; they are termed 
alveoli ; whilst in the more central or medullary part is a 
finer meshwork formed by an irregular anastomosis of the 
trabecular processes. Within the alveoh of the' cortex, and in the 
meshwork formed by the trabeculfe in the medulla, is contained 
lymphoid tissue ; this occupies the central part of each alveolus ; 
but at the periphery, surrounding the central portion and immediately 
next the capsule and trabeculfe, is a more open meshwork of retiform 
tissue constituting the lyvipTizimtli, and containing hut few Ijunph- 
corpuscles. At the inner part of the alveolus the central mass 
divides into two or more smaller rounded or cord-like masses which. 
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acidity of the tissues. It has been shown that acid colloids, e.g. 
proteins of tissues, tend to imbibe and retain water (Fischer). 

The effects of increased capillary pressure may more conveniently 
be shown by injection of large quantities of fluid into the blood, 
especially if the fluid has an osmotic pressure less than that of the 



Fig. 92.— Illustration of the superficial lymphatics LV of the arm passing into glands 
(G) lying under the skin. 


blood. If it has a higher osmotic pressure than the blood (con- 
centrated sugar or salt) it attracts fluid from the tissues, hut by 
increasing the blood volume and therefore the capillary pressure 
increases the flow of lymph from the thoracic duct. This is in 
part due to the fact that the kidney becomes incapable of excreting 
salts which retain water, but in many acute cases there is also an 
inability to excrete water, j ^ 

2. By increasing the permeability of the capillary wall. 
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, capillaries which, -however, is, as pointed out, by Starling, counteracted 
by -the osmotic pressure of the blood which has an opposing effect 

• and tends to suck fluid from the tissues into the blood. ' 

The,total, osmotic .pressure of the blood is almost SOOO.mm. Hg., 
• but by far the most of this is due to salts which are common to both 
-the blood and the tissue fluid. It is the osmotic pressure of the 
proteins of the blood plasma which is of special importance in this 

* connection, and this amounts to only about gfl mm. TTg . ^ Tins is just 
overbalanced by the hydrostatic pressure inHhe capillaries of about 
.35-Jaim-Hg., the filtering force being about 10 mm. Hg. 

Of more recent years these facts have been confirmed, especially 
■by Drinker and his . collaborators, and are supported by chemical 
studies of the composition of lymplfl^ 

-At rest the capillary pressure'' is kept at a constant level by 
. the constancy of the arterial pressure ^hioh,(as we have seen) is 
maintained by various reflex mechanisms. '' ^ 

I In exercise, however, a number of changes occur in the active 
. tissue which must greatly increase the flow of lymph. These are : — 

[ 1. A rise of arterial pressure which raises the capillary pressure. 

;! 2. A dilatation of capillaries which become more permeable. 

'■] - 3. A breakdown of substances with large molecules, such as 
glucose, into substances which have many more and smaller 
'’r molecules which increase the -os motic p ressure of the 

^ tissues and cause them to imbibe water. 


Function of Tissue Fluid and Lymph^,. . 

We "now' get an idea of the function of the lymph-flow. 'When 
there is an increased capillary pressure and permeability there is _ 
an increased flow of fluid containing various nutriti ve su bstances in - 


solution, while the greater flow of water towards the cells carries 
away with it the various products of metabol ism. In various 
infections the lymph also c arries bacteria from the tissues to the , 
lymph glands ; hence the benefit of keeping an infected region at rest. “ ' ' 
- -and so preventing the lymph glands from being overcome by bacteria. 

The formation of lyinph is of interest in several other connections 
• as it is the model on which many other body fluids, such as the 
aqueous humour of the eye, the fluid of the pericardium, the urine 
and secretion of glands are formed in the first instance, although 
the two latter are subsequently modified in Composition. 


^^yThe Phagocytic Function of Lymph. 

, Eecent studies by Clark and Clark have shown' that the lymphatics 
act as tissue scavengers. They sometimes grow out towards foreign 
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particles and .eventually take them up. Things like blood corpuscles 
and fat globules pass readily into the lymphatics, sometimes directly 
from, blood vessels. This is true especially in the liver. 


The Lymph-Plow. 

The flow of lymph may be readily shown if a suitable dye is 
injected into the foot of an anaesthetised animal, the hair of whose ' 
leg has been removed by a depilatory. The dye is seen to move 
slowly up the superficial lymphatics (Gilding). In severe infections 
of the hand the lymphatics of the arm of man may become inflamed 
and visible. 

The flow depends .essentially on tlie agencies which cause 
the formation of the lymph. Towards the point of its discharge 
into the veins the flow is assisted further. With the help of the 
valvular mechanism all occasional pressure on the exterior of the 
lymphatic and lacteal vessels propels the lymph onward ; . thus 
m usc ular and other external pressure accelerates the flow of the 
lyrnphT as' it does that of the blood in the veins.- The action of the 
muscle-fibres of the small intestine, and the layer of unstriped 
muscle present in each intestinal villus, assists in propelling the chyle ; 
in the small intestine of many animals the chyle has been seen 
moving with intermittent propulsions that, correspond with the peri- 
staltic movements of the intestine. Tor the general propulsion of 
the lymph and chyle, it is probable that, in addition to external 
pressure, some of the force is derived from the contractility of the 
vessels’ own walls. The respiratory movements, also, favour the 
current of lymph through the thoracic duct as they do the current 
of blood in the thoracic veins. 


Relation of Lymph and Blood. 

The volume of blood in the body remains remarkably constant. 
Tf the amount is increased by injection of dilute sahrie (less than 0-9 
per cent.), its specific gravity is at first lessened,- but in a short time, 
often in a few minutes, it returns to the normal. The excess of fluid 
is got rid of in two ways : (1) by the kidneys, which secrete profusely ; 
and (2) by the tissues, wliich become more watery in consequence. 
After the renal arteries are ligatured, and the kidney is consequently 
thrown out of action, the excess of water passes only into the tissues. 
More concentrated saline (about 0-9 per cent.) is retained longer 
until the salt is excreted by the kidney. 

On the other hand, a deficiency of blood (for instance, after 
hemorrhage) is soon remMied by . a transfer of water from the 
tissues to the blood and a reduced production of lymph. This 
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may be looked upon as being brought about by the fall in the normal 
filtration pressure in the capillaries. 

\ 

The Renewal of the Tissue Fluid. 

The fluid of the tissues is of course of the same general com- 
position as lymph although it may vary in different regions. During 
the exercise of a muscle or use of a tissue it is evident that the 
lymph flow is sufficient to renew tliis fluid but during rest the flow 
is very small. Evidence is accumulating (Landis) that there may 
be, as well as the lymph flow, a renewal of lymph by absorption. 

It is suggested that at the arterial end of the capillaries filtration ^ 
is excessive, while at the venous end where the capillary pressure 
is lower by 20 mm. the increased osmotic pressure of the blood causes 
a withdrawal of fluid from the tissues. 




Composition of Lymph. ^ 


From what has been said regarding its formation lympl^is_,like 
blpodrplasma . in composition, but diluted so far as its "protein con- 
' stituents are concerned. This is due to the fact that proteins do 
not pass readily through membranes. The salts are similar to 
those of blood-plasma, and are present in about the same proportions. 
Chlorides, _ however, are mor e., abundant in lyrnph than in blood. 
The waste products, sucl^a^ carbonic . acid, and urea, are also mo re , 
abundant. 

':(Xymph is alkaline to litmus ; its specific gravity is about 1015, ^ 
'tirid after it leaves the ve'ssels'it clots, forming a colourless coagulum 
of fibrin. ‘ 

The degree of clotting depends on the amount of protein present. 
In the case of inflammatory lymphatic exudates as in pleurisy, 
the capillaries have become excessively permeable to protein. 
Liver lymph is richer in protein than lymph from the limbs. 

When examined with the microscope the transparent lymph is 
found to contain corpuscles, which are called l ymphocytes ; these 
are cells with large nuclei and comparatively' mflepFdtoplasm. 
They pass with the Ijonph into the blood, and constitute there one 
of the varieties of colourless blood corpuscles. They are added to 
the lymph wherever it passes through lymphoid tissue, e.g. lymphatic 
glands, tonsils, etc. 

The Reservoir Function of the Tissue Spaces. 

As has been indicated above, the fluid in the tissue spaces is 
very mobile and depends largely on. the capillary pressure, and the 
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osmotic pressure of the blood. '\¥hen the capillary pressure falls, 
as in heemorrhage, more fluid returns to the blood. This occurs 
too if the osmotic pressure of the blood is raised by loss of fluid 
in sweating or severe diarrhoea. 

If the osmotic pressure is lowered by the intake of fluid, the 
tissue fluid, especially of the liver, skin and muscles, is in creased. - 
It must be realised that most of the factors which affect the 
formation of tissue fluid .influence the production of many other 
body fluids in the same way, e.g. the formation of urine, sweat,,, 
digestive secretions. All are influenced by the osmotic pressure*^ 
and the hydrostatic pressure of the blood in opposite directions.! 

' (See Osmotic Pressure.) ^ 1 

Refeiiences*.— Starling, Drinker, Landis. 



CHAPTEK XVII 

EESPIEATION 

The term respiration in its wide sense includes all the processes and 
mechanisms by which the tissues of the body take up oxygen and get 
rid of carbon dioxide. The tissues are brought into relationship, with 
the outside world indirectly by means of the blood which transports 
the gases, and in order to effect the exchange of gases rapidly the 
blood is spread out in .a very thin hut extensive layer, where it 
comes almost immediately into contact with the air, being separated 
only by a thin membrane. In order to provide the large area needed 
there have been evolved in many animals two specialised organs, lungs, 
in which the air is changed periodically by the mechanism of 
breathing. In fishes, the gills in contact with the water have a 
similar function. It is to be understood that the lungs are not in 
any manner the seat of any special combustion processes. Those 
processes take place in the tissues themselves. 


The Respiratory Apparatus. 

The respiratory apparatus consists of a pair of lungs and the 
air-passages which lead to them. 

The Lungs are contained in the chest or thorax, which is a closed 
cavity having no communication with the outside except the trachea 
or windpipe. 

The Larynx is at the upper end of the trachea, and will be 
described in connection with the voice. 

The Trachea and Bronchi . — The trachea is essentially a tube of 
fibro-elastic membrane, within the layers of which is enibedded a 
series of cartilaginous rings; These rings which maintain the patency 
of the windpipe extend only around the front and sides of the 
trachea (about two-thirds of its circumference) and are deficient 
behind; the interval between their posterior extremities is bridged 
over by a continuation of the fibrous .membrane in which they are 
enclosed and by a layer of unstriped muscle. 

' The two bronchi into which the trachea divides have a similar 
structure, but there is a distinct layer of circular muscle which 
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becomes still more evident in the bronchioles into which the bronchi 
ultimately divide; indeed, the bronchioles are composed chiefly of 
a fibro-elastic membrane together with this circular muscle. 

The whole bronchial tree is lined by ciliated epithelium which 
wafts upwards the secretion produced by mucous glands which 
open into the lumen, together with minute particles which may 
be inhaled. It is this secretion which forms the phlegm which 
becomes so 'excessive in bronchitis, while it is the contraction of 
the bronchial muscle which causes the tightness in the chest when 
the bronchioles are constricted, as in asthma. This is usually 
aggravated by the congestion of the -mucous membrane. The 
bronchial muscle _i8.Jcept i n a state of t one by the ^yagus nmves 
an^ contracts rather surprisingly at the commencement of expiration 
—i, fact ' which “ihah’es the removal^ of foreign bodies, accidentally 
taken in, very difficult. The muscle is dilated by sympathetic 
stimtilants, such as adrenaline. 

The Lungs and Pleuroe . — Each lung is enveloped by a serous 
membrane — the pleura, one layer of which adheres closely to its 
surface, and provides it with its smooth and slippery covering, while 
the other adheres to the inner surface of the chest-walL The con- 
tinuity of the two layers at the base of the lungs forms a closed sac, 
which the limgs fill completely. There is no actual space. The 
pleura which covers the lung {visceral layer) and that which lines the 
inner surface of the chest (parietal layer) are, in health, everywhere 
in very close apposition, bemg held together by a film of water 
which at body temperature can resist a pull of 3600 mm. Hg. 
(Burns). This film ensures the lungs gliding easily, in their expansion 
and redaction, on the inner surface of the parietal layer, which lines 
the chest- wall. 

If, however, an opening is made so as to permit air or fluid to 
enter the pleural sac, the lung, iii virtue of its elasticity, recoils, and 
a considerable space is left between it and the chest- wall. On the 
admission of air into the pleural sac the film of fluid is broken and 
atmospheric pressure bears ahke on the inner and outer surfaces 
of the Itmg, and its elastic recoil is no longer prevented. 

Each lung is partially subdi\dded into separate portions called 
; the right lung into three lobes, and the left into two. Each 
of these lobes, again, is composed of a large number of minute parts, 
called lobules, . 

On entering a lobule, the small bronchial tube divides and sub- 
di^ddes (fig. 93); its walls at the same time become thinner and 
thinner, until at length they are formed only of a thin membrane of 
areolar, muscular, and elastic tissue, lined by a layer of pavement 
epithelium not provided with cilia. Eventually the muscle tissue 
disappears and the walls become pouched-out irregularly into small 
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saccular dilatations, called alveoli (see fig. 93). The funnel-shaped 
terminal branch of the bronchial tube, with its group of alveoli, is 
called an infwidibuhtvi. The alveoli are of various forms, according to 
the mutual pressure to which they are subject; their walls are nearly 
in contact, ahd they vary from 0’5 to 0*3 mm. in diameter. Their 
walls are formed of fine membrane, like those of the alveolar ducts and 



atria. They are lined by a layer of pavement epithelium (fig. 94). 
Outside the alveoli a network of pulmonary capillaries is spread 
out so densely (fig. 46, p. 93) that the interspaces or mushes 
are even narrower than the vessels. Between the air in the lungs 
and the blood in these vessels nothing intervenes but the thin walls 
of the alveoli and of the capillaries ; and the exposure of the blood 
to the air is the more complete, because the folds of membrane 
between contiguous alveoli, and often the spaces between the walls 
of each, contain only a single layer of capillaries, both sides of 
. which are thus at once exposed to the air. 

Blood-supply . — The lungs receive blood from two sources : {a) the 
pulmonary artery, (&) the broneliial arteries. The former conveys 
venous blood to the lungs to he arterialised. The branches of the 
bronchial arteries convey arterial blood from the aorta for the 
nutrition of the walls of the bronchi, vessels, interlobular connective 
, tissue, etc.; the blood of the broneliial vessels^ is returned cliiefly 
through the .bronchial and partly through the pulmonary veins. 
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Tlie Respiratory Mechanism, 

Respiration consists. of the alternate expansion and contraction of 
the thorax, by means of which air is drawn into or expelled from the 
lungs. These acts are called Inspiration and respectively. 

For inspiration a movement of the side-walls and floor of the 
chest takes place, so that the capacity of the interior is enlarged. 
By such increase of capacity there will be a diminution of the 



Fio. 94. — Section of lung stained with silver nitrate. A. D., alveolar duct or intercellular passage; 
B, alveolar septa ; N, alveoli or air-sacs, lined with large flat cellsj with some smaller polyhedral 
cells ; M, plain muscle-fibres surrounding the alveolar duct. (Klein and Noble Smith.) 


pressure of the air in the lungs, and a fresh quantity will' enter 
through the trachea^ to equalise the pressure on the inside and 
outside of the chest. 

For expiration the opposite movement diminishes the capacity of - 
the chest ; the pressure in the interior will be thus increased, and air 
will be expelled, until the pressures within and without the chest 
are again equal. In both, cases the air passes through the trachea, 
there being no other communication with the exterior of the body; 
and the lung remains, under all conditions, closely in contact with 
the walls and floor of the chest. The movements of the lungs are 
therefore passive, not active, and depend on the changes of shape 
of the closed cavity in which they are contained. A perforation of 
the chest- wall would mean that the lung on that side would no longer, 
be of use; a similar injury on the other side (double pneumothorax) 
would cause death. If the two layers of the pleura were adherent, 
those portions of the lung would be expanded most where the move- 
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capillaries which, however, is, as pointed out by Starling, counteracted 
■ by the osmotic pressure of the blood which has an opposing effect 
and tends to suck fluid from the tissues into the blood. 

The total osmotic pressure of the blood is almost 5000 mm. Hg., 
but by far the most of this is due to salts wliich are common to both 
the blood and the tissue fluid. It is the osmotic pressure of the 
proteins of the blood plasma which is of special importance in this 
connection, and this amounts to only about 25 mm. Hg. This is just 
overbalanced by the liydrostatic pressure in the capillaries of about 
35 mm. Hg., the filtering force being about 10 mm. Hg. 

Of more recent years these facts have been confirmed, especially 
by Drinker and his collaborators, and are supported by chemical 
studies, of the composition of lymph. 

At rest the capillary pressure is kept at a constant level by 
the constancy of the arterial pressure which, as we have seen, ii 
maintained by various reflex mechanisms. 

In exercise, however, a number of changes occur in the activ( 
tissue which must greatly increase the flow of lymph. These are 

• 1 . A rise of arterial pressure which raises the capillary pressure 

2. A dilatation of capillaries which become more permeable. 

3. A breakdown of substances with large molecules, such as 

glucose, into substances which have many more and smallei 
molecules which increase the osinotic pressure of tin 
tissues and cause them to imbibe water. 


The Function of Tissue Fluid and Lymph. 

We now get an idea of the function of the lymph-flow. "iWien 
there is an increased capillary pressure and permeability there is 
an increased flow of fluid containing various nutritive substances in 
solution, while the greater flow of water towards the cells carries 
away with it the various products of metabolism. In various 
infections the lymph also carries bacteria from the tissues to the 
lymph glands ; hence the benefit of keeping an infected region at rest 
and so preventing the lymph glands from being overcome by bacteria. 

The formation of lymph is of interest in several other connections 
as it is the model on winch many other body fluids, such as the 
aqueous humour of the eye, the fluid of the pericardium, the urine 
and secretion of glands are formed in the first instance, although 
the two latter are subsequently modified in composition. - ■ 

The Phagocytic Function of Lymph. 

Kecent studies by Clark and Clark have shown that the lymphatics 
act as tissue scavengers. They sometimes grow out towards foreign 

G 
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particles and eventually take them up. Things like hlood corpuscles 
and fat globules pass readily into the lymphatics, sometimes directly 
from blood vessels. This is true especially in'the liver. 


The Lymph-Plow. 

The flow of lymph may be readily shown if a suitable dye is 
injected into the foot of an anaesthetised animal, the hair of whose 
leg has been removed by a depilatory. The dye is seen to move 
slowly up the superficial lymphatics (Gilding). In severe infections 
of the hand the lymphatics of the arm of man may become inflamed 
and visible. 

The flow depends essentially on the agencies which cause 
the formation of the lymph. Towards the point of its discharge 
into the veins the flow is assisted further. With the help of the 
valvular mechanism all occasional pressure on the exterior of the 
lymphatic and lacteal vessels propels the lymph onward;, thus 
muscular and other external pressure accelerates the flow of the 
lymph as it does that of the blood in the veins. The action of the 
muscle-fibres of the small intestine, and the layer of unstriped 
muscle present in each intestinal villus, assists in propelling the chyle ; 
in the small intestine of many animals the chyle has been seen 
moving with intermittent propulsions that -correspond with the peri- 
staltic movements of the intestine. Tor the general propulsion of 
the lymph and chyle, it is probable that, in addition to external 
pressure, some, of the force is derived from the contractility of the 
vessels’ own walls. The respiratory movements, also, favour the 
current of l}’mph through the thoracic duct as they do the current 
of blood in the thoracic veins. 


Relation of Lymph and Blood. 

The volume of blood in the body remains remarkably constant. 
If the amount is increased by injection of dilute saline (less than 0-9 
per cent.), its specific gravity is at first lessened, but in a short, time, 
often in a few minutes, it returns to the normal. The excess of fluid 
is got rid of in two ways : (1) by the kidneys, wliich secrete profusely ; 
and (2) by the tissues, which become more watery in consequence. 
After the renal arteries are ligatured, and the kidney is consequently 
thrown out of action, the excess of water passes only into the tissues. 
More concentrated saline (about ,0'9 per cent.) is retained longer 
until the salt is excreted by tbe kidney. 

On the other hand, a deficiency of blood (for instance, after 
haemorrhage)' is soon remedied by a. transfer of water from the 
tissues to the blood and a reduced production of lymph. This 
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may be looked upon as being brought about by the fall in the normal 
filtration pressure in the, capillaries. 

The Renewal of the Tissue Fluid. 

The fluid of the tissues is of course of the same general com-, 
position as lymph although it may vary in different regions. Dm-ing,- 
the exercise of a muscle or use of a tissue it is evident that the 
lymph flow is sufficient to renew this fiuid hut during rest the flow 
is very small. Evidence is accumulating (Landis) that there may 
^ be, as well as the lymph flow, a renewal of lymph by.- absorption. 
It is suggested that at the arterial end of the capillaries filtration 
is excessive, while at the venous end where the capillary pressm-e 
is lower by 20 mm. the increased osmotic pressure of the blood causes 
a withdrawal of fluid from the tissues. 


Composition of Lymph. 

From what has been said regarding its formation lymph is like 
blood-plasma in composition, but diluted so far as its protein con- 
stituents are concerned. This is due to the fact that proteins do 
not pass readily through membranes. The salts are similar to 
those of blood-plasma, and are present in about the same proportions. 
Chlorides, however, are more abundant in lymph than in blood. 
The waste products, such as carbonic acid and urea, are also more 
abundant. ' . . 

Lymph is alkaline to litmus ; its specific gravity is about 1015, 
and after it leaves the vessels it clots, forming a colourless coagulum 
of fibrin. 

The degree of clotting depends on the amount of protein present. 
In the case of inflammatory lymphatic exudates as in pleurisy, 
the capillaries have- become excessively permeable to protein. 
Liver lymph is richer in protein than lymph from the limbs. 

When examined with the microscope the transparent lymph is 
found to contain corpuscles, which are called lymphocytes ; these 
are cells with large nuclei and comparatively little protoplasm. 
They pass with the lymph into the blood, and constitute there one 
of the varieties of colourless blood corpuscles. They are added to 
the lymph wherever it passes through lymphoid- tissue, e.g. lymphatic , 
glands, tonsils, etc. 

t 

The Reservoir Function of tlie Tissue Spaces. 

As has been indicated above, the fluid in the tissue spaces is 
very mobile .and depends largely on the capillary pressure and the 
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osmotic pressure of the blood. When the capillary pressure falls, 
as in htemorrhage, more fluid returns to the blood. This occurs 
too if the osmotic pressure of ^ the blood is raised by loss of fluid 
in sweating or severe diarrhoea! 

If the osmotic pressure is. lowered by the intake of fluid, the 
•tissue fluid, especially of the liver, skin and muscles, is increased. 

It must be realised that most of the factors which affect the 
formation of tissue fluid influence the production of many other . 
body fluids in the same way, e.g. the formation of urine, sweat, 
digestive secretions. All are influenced by the osmotic pressure 
and the hydrostatic pressure of the blood in opposite directions. 
(See Osmotic Pressure.) 

References. — Starling, Drinker, Landis. 



CHAPTEE XVII 


EESPIEATION 

The term respiration in its wide sense includes all the processes and 
mechanisms by which the tissues of the body take up oxygen and get 
rid of carbon dioxide. . The tissues are brought into relationship with 
the outside world indirectly by means of the blood which transports 
the gases, and in order to effect the exchange of gases rapidly the 
blood is spread out in a very thin but extensive layer, where it 
comes almost immediately into contact with the air, being separated 
only by a thin membrane. In order to provide the large area needed 
there have been evolved in many animals two specialised organs, lungs, 
in which the air is changed periodically by the mechanism of 
.breathing. In fishes, the gills in contact with the water have a 
similar function. It is to be understood that the lungs are not in 
any manner the seat of any special combustion processes. Those 
processes take place in the tissues themselves. 


The Respiratory Apparatus. 

The respiratory apparatus consists of a pair of lungs and the 
air-passages which lead to them. 

The Lxings are contained in the chest or thorax, which is a closed 
cavity having no communication with the outside except the trachea 
or windpipe. 

The Larynx is at the upper end of the trachea, and will be 
described in connection with the voice. 

The Trachea and Bronchi . — The trachea is essentially a tube of 
fibro-elastic membrane, within the layers of which is embedded a 
series of cartilaginous rings. These rings which maintain the patency 
of the windpipe extend only around the • front and sides of the 
trachea (about two-thirds of . its circumference) and are deficient 
behind; the interval between their posterior extremities is bridged 
over by a continuation of the fibrous membrane in which they are 
enclosed and by a layer of unstriped muscle. 

The two bronchi into which the trachea, divides have a similar 
structure, but there is a distinct layer of circular muscle which 
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becomes still more evident in the bronchioles into which the bronchi 
ultimately divide; indeed, the bronchioles are composed chiefly of 
a fibro-elastic membraxie together wdth this circular muscle. 

.The whole bronchial tree is lined by ciliated epithelium which 
wafts upwards the secretion produced by mucous glands which 
open into the lumen, together with minute particles which may 
be inhaled. It is this secretion which forms the phlegm which' 
becomes so excessive in bronchitis, while, it is the contraction of 
the bronchial muscle which causes the tightness in the chest ^when 
the bronchioles are constricted, as in asthma. This is usually 
aggravated by the congestion of tlie mucous membrane. The 
bronchial muscle is kept in a.. state of tone by the vagus nerves 
and contracts rather surprisingly at the commencement of expiration 
— a fact which makes the removal of foreign bodies, accidentally 
taken in, very difficult- The muscle is dilated by sympathetic 
stimulants, such as adrenaline. 

The Lungs and Fleur ce , — Each lung is enveloped by a serous 
membrane — the pleura, one layer of which adheres closely to its 
surface, and provides it with its smooth and slippery covering, while 
the other adheres to the inner surface of the chest-wall. The con- 
tinuity of the two layers at the base of the limgs forms a closed sac,- 
which the lungs fill completely. There is no actual space. The 
pleura which covers the lung {visceral layer) and that which lines the 
inner surface of the chest (parietal layer) are, in health, everywhere 
in very close apposition, being held together by a film of water 
which at body temperature can resist a puU of 3600 mm. Hg. 
(Burns). This film ensures the lungs gliding easily, in their expansion 
and retraction, on the inner surface of the parietal layer, which lines 
the chest-walL 

' If, however, an opening is made so as to permit air or fluid to 
enter the pleural sac, the lung, in virtue of its elasticity, recoils, and 
a considerable ♦ space is left between it and the chest- wall. On the 
admission of air into the pleural sac the film of fluid is broken and 
.atmospheric pressure bears alike on the inner and outer surfaces 
of the lung, and its elastic recoil is no longer prevented. 

Each lung is partially subdivided into separate . portions called 
lobes; the right lung into three lobes, and the leftJnto^two. Each 
of these lobesTa^m, is composed of a large number of minute parts, 
called lobules, 

‘^'On entering a lobule, the small bronchial tube divides and sub- 
dmdes (fig. 93); its walls at the same time become thinner and 
thinner, until at length they are formed only of a thin membrane of 
areolar, muscular, and elastic tissue, lined by a layer of pavement 
epithelium not provided with cilia. Eventually the muscle tissue 
disappears and the walls become pouched-out irregularly into small 
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saccular dilatations, called alveoli (see fig. 93). . The funnel-shaped 
terminal branch of the bronchial tube, with its group of alveoli, is 
called ah infundihuhcm. The alveoli are of various forms, according to 
the mutual pressure to which they are subject ; their walls are nearly 
in contact, and they vary from O’fi to O’S mm. in diameter. Then- 
walls are formed of fine membrane, like those of the alveolar ducts and 



Fig. 93. — Diagram to show the general arrangement in a piece of lung. 
(ModiQed from Miller.) 


atria. They are lined by a layer of pavement epithelium (fig. 94). 
Outside the alveoli a network of pulmonary capillaries is spread 
out ■ so densely (fig. 46, p. 93) that the interspaces or meshes 
are even narrower than the vessels. Between the air in the lungs 
and the blood in these vessels notliing intervenes but the thin walls 
of the alveoli and of the capillaries ; and the exposure of the blood 
to the air is the more complete, because the folds of membrane 
between contiguous alveoli, and often the spaces between the walls 
of each', contain only a single layer of capillaries, both sides of 
which are thus at once exposed to the air. 

J) Blood-sih^ly . — The lungs receive blood from two sources : {a) the 

pulmonary artery, (6) the broncliial arteries. The former conveys 
' venous blood to the lungs to be arterialiscd. The branches of the 
bronchial arteries convey arterial blood from the aorta for the 
nutrition of the walls of the broncloi, vessels, interlobular connective 
tissue, etc. ; the blood of the .bronchial vessels is returned chiefly 
through the bronchial and partly through the pulmonary veins. 
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The Respiratory Mechanism, -t. 

Respiration consists of the alternate expansion and contraction of 
the thorax, by means of which air is drawn into or expelled from the 
lungs. These acts are called Inspiration and Expiration respectively. 

Ror inspiration a movement of the side-walls and floor of the 
chest takes place, so that the capacity, of the in teri or is enlarged. 
By such increase of capacity there will be a diminution of . the 



pressure of the air in the lungs, and a fresh quantity will enter 
tKrouglrjthe trachea to equalise the pressure on the inside and 
outside of the chest 

For expiration the opposite movement diminishes the capacity of 
thejshest ; the pressure in the interior will be thus increased, and air 
mil be expelled, until the pressures within and without the chest 
are again equal. In both cases the air passes through the trachea, 
there being no other communication with the exterior of the body;, 
and the lung remains, tmder all conditions, closely in contact with 
the walls and floor of the chest. The movements of the lungs are 
therefore passive, not active, and depend on the changes of shape 
of '^tlie closed cavity in which they are contained. A perforation of 
the chest-wall would mean that the lung on that side would no longer 
be of use; a similar injury on the other side (double pneumothorax) 
would cause death. If the two layers of the pleura were adherent, 
those portions of the lung would be expanded most where the move- 
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As an example, suppose the bubble • on analysis proved to consist 
of 4 per cent, carbonic acid and 12 per cent, oxygen, together with 
nitrogen and aqueous vapour. The gas of the bubble in the 
instrument was compressed by the pressure of the arterial blood 
(say 120 mm of mercury) in addition to the atmospheric pressure . 
of 760 mm. of mercury, and therefore thb total pressure was 
120 + 760 = 880 mm. of mercury. Four per cent, of this would have 
been due to the carbonic acid ; 4 per cent, of 880 is 35'2. Twelve 
per cent, would have been due to the oxygen ; 12 per cent, of 880 
is 105'6. That is, the carbonic acid and oxygen tensions would have 
been in round figures 35 and 106 mm. of mercury respectively.. 

In man it is evident that other methods are necessary. 

Barcroft and Nagahashi’s method . — If the point of a hypodermic 
needle fitted to an aii-tight syringe is introduced into the radial 
artery in man a sample of arterial blood may be withdrawn, which 
may be regarded as of the same -composition as that which leaves 
the lung by the pulmonary vein. If now a bubble of air is 
introduced into the syringe, this bubble, rapidly loses oxygen and 
gains carbonic acid till it is in equilibrium with the blood, that is 
to say, till the gases in the bubble exert the same partial pressure 
as those in the plasma. If the bubble is very small, relatively 
to the amount of blood, the blood may be. regarded as not having 
changed appreciably in. the process, and therefore the partial pressure 
of the gases found by analysis of the bubble may be taken to be those 
of the gases in the arterial blood. 

Inference method. — This, is probably the method most commonly 
used. A sample of blood is taken and the quantity of oxygen and 
carbon dioxide in it determined. From a knowledge of the dissociation 
curves of the blood, which indicate the power of blood to take 
up gases at different pressures, it can be inferred at what tension 
the gases must have been present. In accurate investigation it is 
necessary to make a dissociation curve for the actual blood under 
investigation, as all bloods are not alike. 

The measurement of the gaseous pressures in the mixed 
venous hlood which leaves the right ventricle’ has been carried out 
by various methods during the last decade, but the most satisfactory 
is that of Douglas ; a mixture of nitrogen, oxygen, and carbonic acid 
in suitable proportions is introduced into a large air-tight bag (the 
Douglas bag is more fully described in fig. 101) ; the subject takes a 
deep breath of this and holds his breath for about fiye^ seconds. . 
A sample of his alveolar air is then collected, care being taken to 
leave enough air -in the lungs for a second sample to be collected 
ten seconds later, no breath being inspired in the interval. If the 
two samples are identical in composition as regards both ^ oxygen 
and COg, the samples may be adjudged to have been in equilibrium 
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with the mixed venous blood, and thus the tension of the gases in 
this blood is ascertained. 


Relation hctvjccn Quantity and Tension of Gases in Blood, 

It is now necessary to consider the relationship betw'een these 
two sets of data. 

On page 216 ^ye have seen' that for gases in solution in water, 
T 

Q = K X p where Q is the quantity of gas dissolved, T the tension, 

K the coefficient of solubilit)^ and P the atmospheric pressure. 
Smee K and^P are constant, it follows that Q varies directly in- 
proportion to T ; . that is to say, if the tension is doubled, the 



Fig. 105. — Barcroft's saturator, suspended horizontally in warm hath in ivhich it is rotated. 


quantity of gas dissolved is also doubled ; if the tension is trebled, 
the quantity of gas is trebled, and so on. These results may be 
plotted out on a curve in which the quantities are placed on the 
ordinate and the tensions on the abscissa. Such a curve gives the 
quantity of gas dissolved at an}^ given tension, and in the case of 
water the “ curve ” is a straight line. 

But for oxygen and carbonic acid in blood, the curves are not 
straight lines. 

The Transport of Oxygen. — Our knowledge of this subject we 
owe particularly to the investigations of Barcroft of Cambridge. 
He has shown how to obtain information regarding the transjiort of 
oxygen by studj^ing the amount of oxygen which the blood will hold 
in varying circumstances. The methods of estimation are described 
on page 213. 

If 100 c.c. of average arterial blood are subjected to a vacuum 
pump or to the action of potassium ferricyanide, almost 18*5 c.c. 
of oxygen are given off, and from what has been said regarding 
the solubility of gases in water, it is evident this oxygen cannot 
be in simple solution. Tlie amount in actual solution is only 0*7 c.c. 
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This capability of the blood, to take up large quantities of oxygen 
depends on the presence in the blood corpuscles of a pigment — 
luemoglobin. Blood contains 14 per cent, of this pigment by 
weight, and each gramme can take up about 1’34 c.c. of oxygen. 
The actual figure varies in different annuals. The chemical charac- 
teristics of haemoglobin are described later. 

If, however, the blood is exposed to various tensions of oxygen, it is' 
found that witliin certain limits the blood takes' up oxygen according 
to the pressure of that gas in the air to which it is exposed. This 
is seen in the following experiment. 

Six vessels, similar' to that in fig. 105 (Barcroft’s saturator), are 
taken, and in each is placed a few c.c. of a solution of hEBinoglobin, 
together with gas mixtures of certain definite compositions. Each 
saturator is rotated in a bath at a, given temperature for about a 
quarter of an hour, by which time the haemoglobin and the oxygen 
are in equilibrium. The blood is then withdrawn and the amount 
of oxygen taken up from the different mixtures dbtermined. The results 
are expressed as percentages of the maximui^fwliich might have been 
taken up by the blood if it had been exposed to the outside air.. 

In each instance the mixture is made up to atmospheric pressure 
by the addition of nitrogen. 


Partial Pressure 

Percentage 

of Oxygen. 

Saturation. 

102 

97 

50 

87 

20 

72 

10 

55 

■- 5 

37 

0 

0 


Theihaemoglobin which has taken up oxygen we GaWoxylminogloMn 
the remainder without oxygen is called reduced licemoglohin. 

These figures may be expressed graplucally, and we get the 
curve which we know as the dissociation or association curve 
of hemoglobin. As we shall see, ^the partial pressure of 100 is 
specially important since this is ab'out the pressure in the alveoli 
of the lungs where the blood normally takes up oxygen. It is seen 
that at this pressure the blood, .is .97 per cent, saturated, and for 
average blo.od this is equivalent to iS'S c.c. of oxygen being taken^ 
up by 100 c.c. of blood. More recent and more accurate methods^ 
indicate, however, that this figure should be 19‘5 and some bloods 
may contain 20 c.c. _ 1': ' 

The important practical point tomotice is the fact that the blood 
exposed to oxygen at a partial pressure of 100 is almost saturated. 
The administratioir of oxygen, therefore, to a normal person cannot 
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cause the blood to take up much more oxygen than it does from the 
air normally in the alveoh. 

It will be seen that even at low partial pressures the hsemo- 
glohin takes up .considerable quantities, but it is evident that 
while this might be advantageous from the point of view of loading. 



Fio. 105. — Dissociation curv’es of hcemoglobin solution in water at S7* C, Blue, reduced haemo- 
globin ; red, oxyhaemoglobin. The dotted line in the blue is the curve obtained when the blood 
is cooled to 16" C. The dotted line in the red indicates the effect of heat and salts. Increasing the 
amount of COo in the gas mixtures similarly moves the curve to the right. (After Barcroft.) 


it would be unsatisfactory from the point of view of giving up oxygen. 

But' blood is not a. solution of hsemoglobin. In blood the. 
/disem^bhih' is chhtained''’in corpuscles, and in these is present in 
/closelasso'ciatibn ’vdth .its_ many, salts. By adding such salts to 
' haemoglobin in a saturator, it may be shown that they prevent the 
haemoglobin from holding so much oxygen at the lower concentra- 
tions. Carbon dioxide has a similar effect which is shown by the 
dotted lines in fig. 107. 
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The effect of carbon dioxide is interesting, as the amount used in 
the experiment is that which is normally present in the, air of the 
alveoli. The reason for this effect of the carbon dioxide on the 
amount of oxygen held, we shall see, is that the oxygen and the 
carbon dioxide indirectly compete for the available alkali in the 
corpuscles of the blood. 



Oxygen Pressure in mm. of Mercury 


Fio. 107. — Dissociation curve of hsemoglobin in the actual blood at 87“ C. and 40 mm. C02. Blue, 
reduced bsemoglobin ; red, oxybsemoglobin. The dotted curve in the blue is the dissociation curve 
at the same temperature, but at 0 mm. CO 2 . Note the resemblance of this to the hcemoglobin 
curve. The addition of small amounts of acid or more CO 2 ^vould move the whole curve to the right. 
A indicates the average content and tension of arterial blood ; V, those of venous blood. (After 
Barcroft.) The atmospheric pressure at the summit of Mt. Everest (29,000 ft.) is about 250 mm. 


The two coloured figures (106 and 107) should be carefully 
compared, as they show graphically the advantages of blood over 
a pure solution of hsemoglobin as an oxygen carrier. 

These factors, however, not only affect the amount of oxygen 
which the blood gives off, but also the rate at which the oxygen is 
liberated. At room temperature, oxygen is taken up rapidly and 
given up slowly, but at body temperature the rate of giving up is 
enormously increased. 
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Transport of Carbon Dioxide. — The carriage of carbon 
dioxide has been studied by the same methods as those. used for 
o^ygsn. The estimation of carbon dioxide has already, been 
described. Since in solution it is an acid of some power, special 
arrangements have to be made for its transport from the active 
tissues to the^ lungs to prevent its causing any marked change in 
-the hydrogen-ion concentration of the blood. This is accomplished 
by the carbon ^^oxide entering into chemical combination in the 
tissues and being set free again when it reaches the lungs, but 
in this process both the corpuscles and the plasma play a part. 



' Fio. 108. — Dissociation curve for carbon dioxide in blood. The points A and V are 
the same as those in fig. 107 (Wright, after Haldane). The dotted line is the 
dissociation curve of a solution of sodium bicarbonate. 


It is convenient to visualise the carbon dioxide as being loaded 
into the blood by the exposure of the blood in the tissues to an 
atmosphere containing a high concentration of carbon dioxide, just 
as carbon dioxide is forced into aerated water from cylinders under 
pressure in a factory, the reception of the carbon dioxide being, 
as in the case of soda-water, facilitated by alkali which prevents 
the water becoming unduly acid. The pressures concerned in the 
body, however, are not so great. 

It must, however, he understood that the taking up of carbon 
dioxide in the tissues and its giving off in the lungs by the blood 
are essentially dependent on differences in partial pressures and that 
it is easily possible to construct a carbon dioxide dissociation , curve 
in the same way as has been done for oxygen (fig. 108). 
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i The venous, blood contains, about . 58 c.c. per cent, of carbon 
dioxide during rest buf'app'reciably more- during activity while the 
arterial blood contains 54 c.c. per cent.- of carbon dioxide (i.e. more 
than twice amount of oxygen). ■ 

These figures emphasise that during rest a very small proportion 
of the carbon dioxide in the venous blood is mobile and lost in 
the lungs and that the arterial blood contains more than twice 
the amount of carbon dioxide than oxygen. This level of carbon 
dioxide is kept constant by the respiratory apparatus. 

The Arterial or Constant Carbon Dioxide. — th is is me ant 
the carbon dioxide .which'..is_ prese nt in the arterial blood which does 
not come off in the lungs, but which can be driven off by the 
addition of a stronger acid such as tartaric. This is present for 
the most part in the, form of sodium bicarbonate and constitutes 
90 per cent, of that present in the blood during rest. 

The alkaline reaction of the bicarbonate is balanced by the 
presence in the plasma of carbon dioxide in simple solution to 
H CO 1 

the extent of tt/^A = kk- The hydrogen-ion concentration of 
NaHCOg 20 . 

blood that is in contact with the tissues normally depends on this 
ratio. The presence of the phosphate buffers in the plasma ensures 
an adequate supply of bicarbonate according to the reaction, 

CO,+ H„0+Na„HPO, = NaHC03 + NaH„P0. . 


while any tendency for the dissolved carbon dioxide and the 
hydrogen-ion concentration of the plasma to rise is at once corrected 
by an increased respiratory activity. The acid phosphate is 
excreted by the kidney. Even the arterial carbon dioxide can, 
however, be reduced by over-ventilation of the limgs or increased 
by inadequate ventilation. 

The Mobile Carbon Dioxide, although in no way different from 
the- more constant fraction, is characterised by being taken up 
and given up by the blood at a great speed which has been shown 
by Eoughton and his co-workers to depend on the presence of 
an enzyme, carbonic anhydrase, which catalyses the reaction 
HgO -fCOg HgOOg. This enzyme is present only in the corpuscles, 
from which it can be extracted with 40 per cent, alcohol. Its 
activity is inhibited by cyanides. 

In the transport of this mobile fraction the reduction of 
luemoglobin in the tissues plays an important part, for the oxy- 
hjemoglobin which is reduced in the tissue is more strongly acid 
than reduced hEemoglobin. 

The high concentration of the carbon dioxide makes it diffuse 
into .the corpuscle rapidly and under the influence of the carbonic 
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anhydrase it rapidly yecon^s. HgCOg, which at once dissociates and 
takes the place of chi oxygen which has left the corpuscle. The 
products of the dissoefation HCOr and H+ probably attach them- 
selves for the most paJt-»^o the potassium hsemoglobinate and the 
hgemoglobin to form KHCO3 and HHb. A proportion of the COg 
may combine direct, with the hTHg group of the hsemoglobin to 
form a carbamino compound, HbNHCOOH. 

The balance between the positive and negative ions . in the 
corpuscles and the plasma is upset, but this is at once corrected and 
equilibrium on both sides of the corpuscular membrane re-established 
by the passage of Cl-ions * into corpuscles when the HCOf diffuses out; 

This reaction which is known as the chloride shift was first 
brought to notice by the fact that there is a reduction, of the 
chloride content of the plasma when carbon dioxide is added to 
blood while there is at the same time an increase in the amount 
of sodium bicarbonate in venous blood which is balanced by COg 
in solution. TMs perihits the hsemoglobin to assist in the carriage 
of COg without any change in blood reaction (Hamburger). 

The proteins of the plasma play a small part in the .carriage of 
carbon dioxide since they are able, like feeble acids, to combine 
with bases which, however, can be removed from them by an acid 
stronger than themselves. We have therefore such reactions as — 


NaPr + HgCOj = NaHCOj + HPr. 

(salt) (acid) 


Because of such reactions the dissociation curve of a bicarbonate 
solution' is not exactly the same as that of separated plasma 
(fig. 108). ^ . 

All these very complicated reactions are rendered necessary by 
peculiar properties of the membrane of the red blood-corpuscle 
through which the cations K+ and Ha'*' cannot pass easily, although 
the anions HCOg and Cl" can do so. 

It will be seen that when carbon dioxide is added to. the blood 
the corpuscle does, not change its reactipn because the place of the 
oxy hsemoglobin is taken by H-.and 01-ions. 

Similarly in the plasma there is no change of reaction because 
HCO3 takes the place' of Cl-ions. 

In the lungs the whole process is the reverse of that in the 
tissues, the loss of carbon dioxide being brought about by its low. 
tension in -the alveoli and the formation of the acid oxyhsemoglobin. 

These changes have all been conveniently summarised by- 
Eoughton, a modification of whose figure is given on p. 225. 


* These Cl-ions are in association with Na-ions in the plasma which now become - 

associated with HCO^-ions. - - \ 
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As an example, suppose the bubble oA analysis proved to consist 
•of 4 per cent, carbonic acid and 12 per cent. Joxygen, together with 
nitrogen and aqueous vapour. The gas of • the bubble in the 
instrument was compressed by the pressui’^ of the arterial blood 
(say 120 mm of mercury) in addition to the atmospheric pressure 
of 760 mm. of mercury, and therefore the. -total pressure was 
120 + 760 = 880 mm. of mercury. Four per cent, of this would have 
been due to the carbonic acid ; 4 per cent, of 880 is 3 5 '2. Twelve 
per cent, would have been due to the oxygen; 12 'per cent, of 880 
is 105’6. That is, the carbonic acid and oxygen tensions would have 
been in round figures 36 and 106 mm. of mercury respectively. 

In man it is evident that other methods are necessary. 

Barcroft and JVagahashi’ s method . — If the point of a hypodermic 
needle fitted to an air-tight syringe is introduced into the radial 
artery in man a sample of arterial blood may be withdrawn, which 
may be regarded as of the same composition as that which leaves 
the lung by the pulmonary vein. If now a bubble of air is 
introduced into the syringe, this bubble rapidly loses oxygen and 
gains carbonic acid till it is in equilibrium with the blood, that is 
to say, till the gases in the bubble exert the same partial pressure 
as those in the plasma. If the bubble is very small, relatively 
to the amount of blood, the blood may be regarded as not having 
changed appreciably in the process, and therefore the partial pressure 
of the gases found by analysis of the bubble may be taken to be those 
of the gases in the arterial hlood. 

Inference method . — This is probably the method most commonly 
used. A sample of hlood is taken and the quantity of oxygen and 
carbon dioxide in it determined. From a knowdedge of the dissociation 
curves of the blood, which indicate the power of blood to take 
up gases at different pressures, it can be inferred at what tension 
the gases must have been present. In accurate investigation it is 
necessary to make a dissociation curve for the actual blood under 
investigation, as all bloods are not alike. 

The measurement of the gaseous pressures in the mixed 
venous hlood wliich leaves the right ventricle has been carried out 
by various methods during the last decade, but the most satisfactory 
is that of Douglas ; a mixture of nitrogen, oxygen, and carbonic acid 
in suitable proportions is introduced' into a large air-tight bag (the 
. Douglas bag is more fully described in fig. 101) ; the subject takes a 
deep breath of this and holds his breath for about five seconds. 
A sample of his' alveolar air is then collected, care being taken to 
leave enough air in the lungs for a second sample to be collected 
ten seconds later; no breath being inspired in the interval. If the 
two samples are identical in composition as regards both oxygen 
and COg, the samples may be adjudged to have been in equilibrium 



218 


RESPIRATIOIT [CH. XVIII. 

with the mixed venous blood, and thus the tension of the gases in 
this blood is ascertained. 

Relation between Quantity and Tension of Gases in Blood. 

It is now necessary to consider the relationship between these 
two sets of data. 

On page 216 we have seen that for gases in solution in water, 
T 

Q — K X p where Q is the quantity of gas dissolved, T the tension,* 

K the coefficient of solubility, and P the atmospheric pressure. 
Since K and P are constant, it follows that Q varies directly in 
proportion to T; that is to say, if the tension is doubled, the 



- Pio. 105.— Barcroft*s saturator, suspended horizontally in warm hath in which it is rotated. 


quantity of gas dissolved is also doubled ; if the tension is trebled, 
the quantity of gas is trebled, and so on. These results may he 
plotted out on a curve in wlaich the quantities are .placed on the 
ordinate and the tensions on the abscissa. Such a curve gives the 
quantity of gas dissolved at any given tension, and in the case of 
water the “ curve ” is a straight line.' 

But for oxygen and carbonic acid in blood, the curves are not 
straight lines. 

The Transport of Oxygen. — Our knowledge of this subject we 
owe particularly to the investigations of Barcroft of Cambridge. 
He has shown how to obtain information regarding the transport of 
oxygen by studying the amount of oxygen which the blood will hold 
in varying circumstances. The methods of estimation are described 
on page 213. 

11 100 c.c. of average arterial blood are subjected to a vacuum 
p nm p or to the action of potassium ferricyanide, almost 18'5 c.c. 
of oxygen are given off, and from what has been said regarding 
the solubility of gases in water, it is- evident this oxygen cannot 
be in simple solution. The amount in actual solution is only 0'7 c.c. 
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This capability of the blood to take up large quantities of oxygen 
depends on the presence in the blood corpuscles of a pigment — 
hccmoglobin. Bloody contains 14 per cent, of this pigment by 
•weight, and each gramme can take up about 1'34 c.c. of oxygen. 
The actual figure varies in different anhnals. The chemical charac- 
teristics of haemoglobin are described later. 

If, however, the blood is exposed to various tensions of oxygen, it is 
found that within certain limits the blood takes up oxygen according 
to the pressure of that gas in the air to which it is exposed. This 
is seen in the following experiment. 

Six vessels, similar to that in fig. 105 (Barcroft’s saturator), are 
taken, and in each is placed a few c.c. of a solution of haemoglobin, 
together with gas mixtures of certain definite compositions. Each 
saturator is rotated in a bath at a given temperature for about a 
quarter of an hour, by which time the haemoglobin and the oxygen 
are in equilibrium. The blood is then withdra'wn and the amount 
of oxygen taken up from the different mixtures determined. The results 
are expressed as percentages of the maximum which might have been 
taken up by the blood if it had been exposed to the outside air. 

In each instance the mixture is made up to atmospheric pressure 
by the addition of nitrogen. 


Partial Pressure 

Percentage 

of Oxygen. 

Saturation. 

102 

97 

50 

87 

20 

72 

10 

55 

5 

37 

0 

0 


Theiheemoglobin which has taken up oxygen we cal l ox yhcemqglgUn 
the remainder without oxygen is called reduced ]icej}iogl6bin. 

These figures may be expressed grapliically, and we get - the 
curve which we know as the dissociation or association curve 
of haemoglobin. As we shall see, the partml pressure of 100 is 
specially important since this is about^flie' pressure in the’ alveoli' 
of the lungs where the blood normally takes up oxygen. It is seen 
that at this pressure the blood is 97 per cent, saturated, and for 
average blood this is equivalent to 18'5 c.c. of oxygen being taken 
up by 100 c.c. of blood. More recent and more accurate methods 
indicate, however, that this figure should be 19'5 and some bloods 
may contain 20 c.c. 

' The important practical point to notice is the fact that the blood 
exposed to oxygen at a -partial pressure of 100 is almost saturated. 
The administration' of oxygen, therefore, to a normal person cannot 
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cause the blood to take up much more oxygen than it does from the 
. air normally in the alveoli 

It will be seen that even at low partial pressures the haemo- 
globin takes up considerable quantities, but it is evident that 
while this might be advantageous from the point of view of loading, 



Fio. 106. — Dissociation curves of haemoglobin solution in water at 37* 0. Blue, reduced haemo- 
globin ; red, oxyltaemoglobin. The dotted line in the blue is the cuiwo obtained when the blood 
is cooled to 16' C. The dotted line in the red indicates the effect of heat and salts. Increasing the 
amount of CO 2 in the gas mixtures similarly moves the curve to the right. (After Barcroft.) 


it would be unsatisfactory from the point of view of giving up oxygen. 

But blood is not a. solution of bsemoglobin. In blood the 
haemoglobin is contained in corpuscles, and in these is present in 
close association with its many salts. By adding such salts to 
haemoglobin in a saturator, it may be shown that they prevent the 
. haemoglobin from holding so‘much oxygen at the lower concentra- 
I tions. Carbon dioxide has a similar effect which is shown by the 
i dotted lines in fig. 107. 
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The effect; of carbon dioxide-is interesting, as the amount used in 
the experiment is that which is normally' present in the air of the 
alveoli. The reason for this effect of the carbon dioxide on the 
amount of -oxygen held, we shall see, is that the oxygen and the 
carbon dioxide indirectly compete for the available alkali in the 
corpuscles of the blood. 



Oxygen Pressure in mm. of Mercury 


Fia. 107. — Dissociation curve of hsemoglobin in tbe actual blooa ax 87® 0. and 40 mm. COo. Blue, 
reduced htemoglobin ; red, oxybsemoglobin. The dotted curve in the blue is the dissociation curve 
at the same temperature, but at 0 mm. GOo. Note the resemblance of this to the hmmoglobin 
curve. The addition of small amounts of acid or more COo would move the whole curve to the right. 
A indicates the average content and tension of arterial blood ; V, those of venous blood. (After 
Barcroft.) The atmospheric pressure at the summit of Jit. Everest (29,000 ft.) is about 250 mm. 


The two coloured figures (106 and 107) should be carefully 
compared, -as they show graphically the advantages of blood over 
a pure solution of hsemoglohin as an oxygen carrier. 

These factors, however, not only affect the amount of oxygen 
which the blood gives off, but also the rate at which the oxygen is 
liberated. At room temperature, oxygen is taken up rapidly andj'. 
given up slowly, but at body temperature the rate of giving up isy 
enormously increased. 
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Transport of Carbon Dioxide.— THe carriage of carbon 
dioxide has been studied by the same methods as those used for 
oxygen. The estimation of carbon dioxide has already .been 
described. Since in solution it is an acid of some power, special 
^arrangements have to be made for its ■ transport from the active 
I tissues to the lungs to prevent its causing any marked change in 
I the hydrogen-ion concentration of the blood. This is accomplished 
by the carbon dioxide entering into chemical combination in the 
tissues and being set free again when it reaches ■ the lungs, but 
in this process both the corpuscles and the plasma play a part. 



Fia. lOS. — Dissociation curve for carbon dioxide in blood. The points A and V are 
the same as those in fig. 107 (Wright, after Haldane). The dotted line is the 
dissociation curve of a solution of sodium bicarbonate. 


It is convenient to visuahse the carbon dioxide as being loaded 
into the bipod by the exposure of the blood in the tissues to an 
atmosphere ' containing a high concentration of carbon dioxide, just 
as carbon dioxide is forced into aerated water from cylinders under 
pressure in a factory, the reception of the carbon dioxide being, 
as in the case of soda-water, facihtated by alkali which prevents 
the water becoming unduly acid. The pressures concerned in the 
body, however, are not so great. 

It must, however, be understood that the taking up of carbon 
dioxide in the tissues and its giving off in the lungs by the blood 
are essentially dependent on differences in partial pressures and that 
it is easily possible to construct a carbon ^oxide dissociation curve 
in the same way as has been done for oxygen (fig. 108). 
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The venous blood_ contains about,'’ 68 c.c, >per cent, of carbon' 
dioxide during^ rest but,^appreciably inore^uring“'activity ■w'hiiie - the 
arterial blood contains Si^'c.c. per cent, of carbon dioxide (i.e. more 
than twice amount of oxygen). 

These figures emphasise that during rest a very small proportion 
of the carbon dioxide in the venous blood is mobile and lost in 
the lungs and that the arterial blood contains- more than twice 
the amount of carbon dioxide than oxygen. This level of carbon 
dioxide is kept constant by the respiratory apparatus. 

Tke Arterial or Constant Carbon Dioxide.- — By this is meant , 
the carbon dioxide which is present in the arterial blood which does ; . 
not come off in the lungs, but which can be driven off by the '•* 
addition of a stronger acid such as tartaric.- This is present for 
the most part in the form of sodium bicarbonate and constitutes 
90 per cent, of that present in the blood during rest. 

The alkaline reaction of the bicarbonate is balanced by the 
presence in the plasma of carbon dioxide in simple solution to 
H CO 1 

the extent of ■ - = — The hydrogen-ion concentration of 
ISTaHCO a 2 0 •’ ® 

blood that is in contact with the tissues normally depends on this 
ratio. The presence of the phosphate buffers in the plasma ensures 
an adequate supply of bicarbonate according to the reaction, 

COj + H2O + Naj H PO4 = Na H CO3 + Na H2PO4 


while any tendency for the dissolved carbon dioxide and the 
hydrogen-ion concentration of the plasma to rise is at once corrected 
by an increased respiratory activity. The acid phosphate is 
excreted by the kidney. Even the arterial carbon dioxide can, 
however, be reduced by over-ventilation of the lungs or increased 
by inadequate ventilation. 

The Mobile Carbon Dioxide, although in no way different from 
the more constant fraction, is characterised by being taken up 
and given up by the blood at a great speed which has been shown 
by Koughton and his co-workers to depend on the presence of 
an enzyme, carbonic^ anh ydrase, which catalyses the reaction | 
COg Il^COg. This enzyme is present only in the corpuscles,! 
from which it can be extracted .with 40 per cent, alcohol. . Its \ 
ac tivit y is inhibited , by. cyanides. 

In the transport of this mobile fraction the reduction of 
hjemoglobin in the tissues plays an important part, f or the o xy- 
hsemoglobin which is reduced in the tissue is more strongly acid 
than deduced hsehidglo bin. 

The high concentration of the carbon dioxide makes it diffuse 
into the corpuscle rapidly and under the influence- of the carbonic 
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anhydrase it rapidly becdmes HgOOg, which, at once dissociates and 
takes the place of the oxygen which has left the corpuscle^ The 
products of the dissociation' HCOr Q-nd probably attach them- 
selves for the most part to the potassium hsemoglobinate and the 
haemoglobin to form^KHCOgj^nd HHb. A proportion of the OOg 
may combine direct with the if group of - the haemoglobin to 
form a carbamino compound, HbNHCOOH. 

The balance between “the positive and negative ions in the 
corpuscles and the plasma is upset, but this is at once corrected and 
equilibrium on both sides of the corpuscular membrane re-established 
.by the passage of Ohions ^ into corpuscles when the HCOr diffuses out. 

This reaction which is known as the ghlo ride 's h'ift was first 
brought to notice by^ the fact that there is a reduction of the 
cMoride content of _the ., plasma when carbon dioxide is added to 
bibod'’ while there is at th^ same time_an increase in the amount 
of^spdiumT bicarbonate in venous blood which is balanced by COg 
' in solution. This permits the haemoglobin to assist in the carriage . 
of COg without any change in blood reaction (Hamburger). 

The proteins of the plasma play a small part in the carriage of 
carbon dioxide since they .are able, like feeble acids, to combine 
with .bases which, however, can be removed from them by an acid 
stronger than themselves. We have therefore such reactions, as — 

NaPr + HgCOg - NaHCOg + HPr. 

(salt) (acid) 

Because of such reactions the dissociation curve of a bicarbonate 
solution is not exactly the same as that of separated plasma 
-(fig. 108 ). 

All these very complicated reactions are rendered necessary by 
peculiar properties of the membrane of the red blood-corpuscle 
through which the cations K + and Na+ cannot pass easily, although 
\\ the anion^HGO^ and OP can dd- sa ' ‘ - 

”Tt A^Il be seen that when carbon dioxide is added to the blood 
the corpuscle does not change its reaction because the J)lace of the 
oxyhsemoglobin is taken by H- and Cl-ions. * 

Similarly in ' the plasma there is no change of reaction because 
IICO 3 takes the place, of Cl-ions. 

. _.In the lungs the whole process is the reverse of that in the 
tissues, the loss of carbon dioxide being brought about by' its low 
tension in the alveoli and the formation of the acid oxyhsemoglobin. 

■ These changes have all been conveniently summarised by 
Roughton, a modification of whose figure is given on p. 225. 

* These Cl-ions are in association with Na-ions in the plasma which now become 
associateU with HCOj-ions. ■ 
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^ ''Alkali Reserve (Yaii Slyke).— Tlie ilkali_.available^ 
^imfspo rt of acid' ...is Jcnqvyn :as the '^'kaUlresp'V& ^f th e , iiood and 
may.lbe.estimated directly, by .finding .the •jdarbon .dioxide com- 
bining, power of -tile blood. ^ This is determm exposing a 

sample of blood ''■to' alveolar air or a gas mixture with the same 
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amount of carbon dioxide (5'5 per cent.) and subsequently finding 
the amount of carbon dioxide which has been taken up. This 
latter determination may be made by the Van Slyke, Haldane, or 
Barcroft apparatus (fig. 103, p.’ 215). Clearly, if any acid is being 
added to the blood, alkali is taken up and the allcali reserve becomes 
appreciably reduced. If, for any reason, such as the excessive loss 
of carbon dioxide at high altitudes, there is less acid in the blood 
than normal, the alkali reserve becomes reduced by the excretion 
of base by the kidney to keep the reaction of the blood at its 
normal level. 

The body has many other ways for maintaining its neutrality in 
many varying circumstances, but we cannot profitably deal with these 
.until we have considered the various other mechanisms concerned, 
especially those of the kidney. The alkali reserve of the body is 
dealt with later. 

In conditions of severe muscular work not only carbonic acid 
, (carbon dioxide and water) is' produced but also lactic acid which 
combines with the alkali of the blood to form lactate, some of which 
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'Tp^T'Tlie Medianism of Gaseous Eixcliaiige in th.e Lun^. 

1. Oxygen .- — The simplest explanation of the passage of oxygen 
froin the alveolar air into the blood is that the process is a purely 
physical one of diffusion. (See' Diffusion.) 

, The conception of respiration based on this view would he that 
the pressure of oxygen in the air of the alveoli, though less than that 
in the atmosphere, is greater than that in venous blood ; hence oxygen 
•passes from the alveolar air into the blood-plasma; the oxygen 
immediately combines with the hsemoglohin, and thus leaves the 
plasma free to absorb more oxygen; and this goes on until the 
haemoglobin is entirely, .or almost entirely, saturated with oxygen. 
The reverse change occurs in the tissues where the' partial pressure 
of oxygen is lower than in the plasma, or in the lymph that bathes 
the tissue elements ; the plasma gives up its oxygen to the lymph, ' 
the lymph to the tissues; the oxyhaemoglobin then undergoes dis- 
sociation to supply more oxygen to the plasma and lymph, and thus 
in turn to the tissues. 

Some authorities have considered that in cases of definite oxygen- 
want, such as during violent muscular exercise, or bn the tops of 
high mountains, the lining epithelium of the pulmonary alveoli can, 
by a process of active secretion, like that of the swim bladder of a 
fish, transfer oxygen from the alveolar air to the blood. Barcroft 
lived for six days in a respiration chamber in which the oxygen 
pressure in the inspired air was gradually reduced from 130 mm. Hg 
on the first day to 84 mm. on the last ; a pressure of 84 mm. Hg 
corresponds to that experienced at an altitude of about 18,000 feet. 
At the close of the experiment a cannula was inserted into Barcroft’s 
radial artery so that Ms arterial blood could be collected either when 
he was at rest or performing work ; Ms alveolar air was collected and 
exammed simultaneously. The percentage saturation with oxygen 
was measured in the blood samples and its tension inferred from the 
dissociation curve. The foUowmg results were obtained : — 

During rest. During work. 

Pressure of oxygen in alveolar air . , 68 mm. Hg. 57 mm. Hg. 

Tension of oxygen in arterial blood . .60 _ ^48 ,, 


In researches Krogh’s bubble aerotonometer has been applied to man, the 
blood being withdrawn from an artery by a hypodermic syringe. By this method 
comparisons have been made of the oxygen-tension in the arterial blood and alveolar 
air, both at the sea-level and at Cerro, a mining town in the Andes (14,200 ft). 
In both cases equilibrium seems to be attained so closely that the difference 
between the two is within the region of experimental error : — 


Cambridge . 
Cerro . 
Edinburgh . 
Mt Everest 


Barometric 

pressure. 

761 mm. Hg. 
458 
755 
250 


Oo pressure in 
alveolar air. 

100 mm. 

58 „ 

102 „ 
not available 


O2 tension in 
arterial blood. 

99 

56 

101 
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Many experiments have also been carried ont on animals, especially 
■by Krogh who varied the oxygen content’ of the alveolar air. In 
no instance, however, has it been found that the tension of the oxygenj 
in the arterial blood is ever above that in the alveoli. ^ - 

2. Oarlonic Acid . — The dissociation of carbon dioxide from the 
blood takes place in the lung by the reverse processes from those 
which have just been described for its transport. The chief factor 
is the fall of the tension of carbon dioxide in the lungs (42 mm.) 

THE GASEOUS TENSIONS IN THE 
HAEMO- RESPIRATORY SYSTEM in mm. Hg. 

Oz CO^ 

PRESSURE 760 mm. ATMOSPHERIC AIR 159 -3 



compared with that at which it has been loaded (over 58). The 
process is facilitated by the formation of oxyhsemoglobin, which 
tends to drive the HOI from the corpuscle into the plasma; 
the HOI breaks up the HaHOOs and drives off the OOg into the 
alveolar air. 

In addition the dissociation of the carbon dioxide attached to 
the hsemoglobin-is greatly speeded up by the presence of the enzyme 
carbonic anhydrase in the corpuscles. 

The tension of the carbon dioxide in the tissues is usually oyer 
58, but there is considerable variation in the different body fluids 
according to their reaction. 

The above flgure summarises the main facts in relation to the two 
gases. These flgures are approximate and may be taken as averages 
for the body at rest. It is seen that the equilibration is almost com- 
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plete in the lungs but not quite. In exercise the figures for COg in the 
tissues may be much increased and those for the Og correspondingly 
reduced. Actually also, for reasons to be described in relation to the 
respiratory quotient, the blood gives up in the lungs slightly less 
carbon dioxide than the amount of oxygen it receives. Some of the 
oxygen is used to oxidise hydrogen and is excreted as water (H^O). 

Cause and Eegulation of Pulmonary Ventilation. 

The Punction of the Control of Respiration. — The control 
of respiration is of the greatest importance in relating the extent of 
the pulmonary ventilation to the needs of the ardmal. It provides 
a means by which both the depth and rate of the respiratory move- 
ments may be increased, while at rest there is a minimum pulmonary 
effort. - ' , , 

- There are three factors, each of which plays a part in maintaining 
and regulating the rhythmic movements of respiration. They., are 
the respiratory centres, the vagus nerves, and dhe chemical condition 
of, the ..blood. 

(1) Tlie Respiratory Centres. — ^If sections of the brain stem are 
1 made from above downwards all forms of .^respirations . cease when 
* the tip of the calamus scriptorius * is reached. Por this reason 

Legallois (1811) who first did the experiment, called this region 
the respiratory centre. The work of Lumsden, however, shows 
that respiration is affected by section • of the brain at a much 
higher level Section obliquely through the upper_part_of the pons 
results in the production of apneustic respiration. i.e. respiration 
wKich'Kas a prolonged inspiratory phase, while after section through 
the .middle of th e pon s gasping is the only type of respiration seen 
(fig. Til). These stages are readily seen- if an animal is bled to 
death, when we may assume that the different parts of the respiratory 
mechanism fail from above downwards. In man these phenomena 
are also seen at the approach of death. 

j The respiratory centre has been now shown to consist of two parts, 
ian,inspiratory„,centre„in _the forma tio reticularis over the inferior 
ohye-and an..expiratory centre.which is just above and dorsal; Each 
jmay be stimulated separately to produce inspiration and expiration. 
’Of these two the inspiratory centre is much the more active as 
expiration is assisted by the recoil of tissues. The respiratory 
centres are normally affected by chemical and nervous stimuh. 

(2) The Chemical Control of Respiration. — The importance of 
the chemical stimuli was fuHy demonstrated and studied by Haldane 
and his co-workers, especially Douglas and Priestley in Oxford. 

. * This is the name given to the lower part of the floor of the 4th ventricle in 
the medulla which is shaped like a pen. 
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The Role of Carhon Dioxide . — In the first place, they introduced the 
simple method of obtaining a sample of the air in the alveoli (see 
fig. 100, p. 207). They found that, under constant atmospheric 
pressure, the carbon dioxide exerts an almost constant pressure in 
the alveolar air of the same person. In different individuals this 
pressure varies somewhat but averages about 40 mm. Hg (5 to 6 per 



Fio. 111. — A composite tracing showing different types of respiration produced by very severe 
hsemorrhage at the point whore- the abrupt fall in blood-pressure is seen. Pieces of tracing were 
removed at 1 and 2 for convenience of reproduction. First, normal respiration is seen which 
becomes .deeper and subsequently shallower ; between 1 and 2 are seen two respirations of the 
apneustic type, which may be absent if the haemorrhage is rapid; after is seen the typical 
gasping. In some instances different types of respiration may gradually become superimposed 
on each other, e.g. the gasping may gradually come on during failing normal or apneustic 
respiration. The blood-pressure recorder was removed later to prevent damage of the respiratory 
record. (JIcDowall.) 


cent, of an atmosphere) the pressure of the atmosphere in the alveoli 
at sea-level being 760 mm. less 17 mm. for water vapour. 

\../'They found that a rise of 0-2 per cent, in the alveolar carbon 
dioxide is^sufficient to -double the pulmonary ventilation during rest. 
This effect of carbon dioxide can readily he shown by causing an 
individual to breathe a mixture of 95 per cent, oxygen and 5 per 
cent, carhon dioxide. If, on the other hand, an individual breathes 
more deeply and rapidly than he does normally at rest, i.e. until the 
air in the alveoli becomes more like that of the atmosphere and the 
carhon dioxide percentage in the lungs falls, respiration ceases for 
a short tune. This cessation is known as Apnosa. It was once 
thought to be due to over-oxygenation of the blood, but it is now 
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known that this cannot occur, since the arterial blood is almost fully 
oxygenated with normal respiration. That the distension of the 
lungs is not responsible is shown by the fact that, if the over- 
ventilation is carried out with expired air, no such apnoea occurs. 

It should be noted, however, that in a number of persons apncea 
is not produced by over-breathing. Whether or not apnoea occurs 
would appear to depend on the state of the nervous system. In 
some persons the effort of the over-breathing on the chemical 
substances it produces more than counter-balances the loss of carbon 
dioxide. Nor does the occurrence of apnoea run parallel to the 
production of a fall of arterial pressure (see p. 158). The latter was 
absent in J. S. Haldane although the apnoea was well marked, while 
the reverse was true of Boothby. (Boothby.) 

From what we have said in relation to the exchange of gases in 
the lungs it is evident that the changes in the gaseous content bring 
about similar changes in the arterial blood. It is these changes in 
the, gaseous content of the blood which really cause the alteration in 
the respiratory movements. The final proof of this was given by 
Fredericq (1885) of Liege in cross^ circulation e:g)eriments, in which 
the respiratory centre of one animal was kept alive with blood from 
another ; it was shown that the inhalation of carbon dioxide by the 
donor caused an increased respiration in the animal supplied and 
over- ventilation of the donor the reverse. The cessation of respira- 
tion is the result of a fall of arterial carbon dioxide consequent on the 
reduction of the amount of that gas in the alveoli. In man this may 
fall to less than half the normal 5-6 per cent., but breathing is 
resumed before the normal is reached again, since the cessation of 
breathing eventually causes oxygen- want which stimulates respiration 
reflexly via the carotid and aorta (see below). 

The Bole of Oxygen Want . — That oxygen-want alone may 
cause increase of respiration is shown by causing an individual to 
re-breathe his own expired air, at the, same time preventing an 
accumulation of carbon dioxide by passing the air through soda 
lime. The increase, however, is . slight compared with the effect of . 
carbon dioxide. But for this fact respiration would cease at high j 
altitudes where, lor example, the partial pressure of alveolar carbon i 
dioxide may be 28 mm. Hg instead of the normal 40 at sea-level. I 

In similar experiments it has been found that asphyxia of an 
animal, excluding its brain, causes increased respiration. There is , 
now ample evidence that carbon dioxide acts not only on theVi 
medulla but on, the,..spinaP'cbrd,._ the caroiitf SoiZies *' and the l\ 
• 

* The carotid bodies are a minute structure close to the carotid sinus at the 
bifurcation of the carotid arteries largely composed of minute vessels and supplied 
with nerves from the glossopharyngeal like the sinus* The aortic body is a similar 
structure in relation to the aorta. 
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aortic The action on the aorta is seen in the fact that the 

effect of carbon dioxide is reduced by section of the aortic nerves. 
These regions are also sensitive to oxygen-^Yant (Heymans). The 
stimulation of the carotid bodies can he shown by perfusing them 
with blood of differing gaseous composition. The^respiratory centres | 
on the...other-, hand - rapidly fail if subjected _to oxygemwant, e.^. by | 
hemorrhage (fig. Ill) or by compression of the carotid and vertebral 
arteries which supply the brain. 

We now see how the increased respiration caused by exercise is 
brought about. If the pulmonary ventilation is not sufficient to 
maintain the arterial carbon dioxide and oxygen at their normal 
levels (as in exercise when the blood reaching the lungs is excessively 
venous), the respiratory centre is stimulated by the blood and 
respiration is increased. In severe exercise the respiratory centre 
is still further excited by the lactic a cid which is produced by the 
active muscles in addition to carbon dioxide. 

Thus we see that respiration depends on metabolism, or more 
accurately on the carbon dioxide produced and the oxygen used by. 
the tissues, and as we shall see later, the tissues which can affect 
the total metabolism most are the voluntary muscles. 

Forced breathing, since it causes the body to lose carbon dioxide, 
has a profound effect on the acid-base equilibrium of the body (see 
later Chapter). 

J/The Specific Respiratory Stimulus. — If any acid is injected 
into the circulation an increase in respiration occurs and it has been 
debated whether or not it is the increased hydrogen-ion concentration 
rather than the carbon dioxide per se which is the real stimulus. 
That the former is not the case, however, is suggested by the fact that 
although the blood of an animal is made alkaline (and this degree is 
never reached during apncea) by the injection of alkali, breathing 
still continues although shghtly depressed. 

Further, it has been found by Hooker that a given rise of 
Jiydrogen-ion concentration produced by COg is much more effective 
as^a respiratory 'stimulus' than the same concentration produced by 
a/uother acid. 

The explanation for this has been afforded by Jacobs. By^ 
studying the reactions within cells he established that the power! 
oi ^GO^, i.e. HgO-f-COa, to penetrate through cell membranes ' isji 
very much greater than that“of’“any other acid. It.is'ltherefofej- 
pr^u'mably^theffiest-stimulant of the cells of the respiratory centre. '■ 

■ We may look upon carbon dioxide as a specific stimulus only 
in the sense that it permeates more rapidly and we may consider 
that other acids, e.g. lactic, will stimulate the centre, not only by 
increasing the hydrogen-ion concentration of the blood, but also by 
producing carbon dioxide from the bicarbonate of blood. 
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The Nervous Control of Respiration. — Eespiration is 
V^diifluenced by sensory nerves generally, by the vagi, and by the 
higher centres. 


Sensory Nerves . — Stimulation of any sensory nerve causes 
increased respiratory movements if the ansesthesia is not too deep. 
In operations especially on thei chest, this may lead to the inhalation 
of an overdose of an ansesthetic and also to the washing out of 
carbon ^dioxide. The consequent cessation of respiration may 'be 
fatal. Artificial respiration togeth er . wit h sensory stimulation by 
, rubbing the chest and pulling on the tongue is then necessary. 

If the vagi are cut or blockec^in an animal deeply ansesthetised 
with chloral or morphine,) the respiration becomes markedly slow and 



Fio. 112. — A record of respiration from a cat ansesthetised by chloralose and rested. Between the m 
arrows both the vagi were blocked by an electric (galvanic) current. Note the slow deep 
' respirations which result from the loss of the Hering-Breuer reflex (McDowall). 


deep. These facts, were investigated by Hering and Brener in 1868, 
and they described what we now know as the Hering-Breuer reflex , in 
which impulses pass up the vagi and cut shortjgsE^respiratory phase. 
Eespiration is thereby rendered less deep than it'otherwise would be. 
We have also evidence that nervous impulses pass up the 

S vagus whenever the lung is artificially inflated or deflated; but 
whether the impulse during the expiratory period is inhibitory to 
; an expiratory centre, or a stimulus to an inspiratory, centre, is 
difficult to decide. The general evidence available suggests that 
there are really two centres acting reciprocally. 

The subject was reinvestigated by Head, who for this purpose 
recorded the movements of a slip of diaphragm, wloich in the rabbit 
can be separated with its nervous and blood supply intact. 

In one series of experiments •positive ventilation was performed ; 
that is, air was pumped repeatedly into the lungs, and so increased 
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their normal distension ; this was found to decrease the inspiratory 
contractions of the diaphragm, until at last they ceased altogether, 
and the diaphragm stood still in the expiratory position (fig. 114, a). 
Negative ventilation brought the diaphragm to inspiratory standstill. 

Later investigations, in which oscillographic records have been 
taken bf the action potentials of the vagus, however, have shown 
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Fig. 113. — Kecords made with valve ampliflcation and a Matthews’ oscillograph to show the afferent 
impulses passing up the vagus in the cat. All hut a few of the nerve-fibres have been divided. In 
B and C only one cardiac fibre is in action and in D only one fibre from the lungs; 

A. Decerebrate cat. Record showing the discharge of impulses at each heart-beat (in nerve- 
fibres corresponding to those of the cardiac depressor nerve in the rabbit) and at each expansion of 
the lungs (inspiration). 

' B and C. From another preparation made at a higher speed to show the individual impulses. 
B shows three groups of cardiac impulses. In C the onset of the inspiratory discharge is shown 
as well. 

D. The discharge of impulses in a single fibre of the vagus during inspiration. The impulses 
occur in a regular series with a frequency which rises to a maximum at the height of inspiration. 
(B. D. Adrian.) 

that iii_normal quiet respiration .the impulses wliich__pass„up_the 
neiive during' inspiration are much more marked those during 

expiration ; indeed, during the latter phase they may be negligible. . 

Lunisden has also shown that the passage of air over the mucous! 
membrane of the air-passages may act as an inhibitory stimulus. i? 

S If the vagi are cut, these inhibitory impulses are then absent,' 
and respiration must depend on chemical stimuli. "Wiiy, however, 
inspiration and expiration should stUl alternate is as yet unknown. 
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Similarly, stimulation of the central end of the vagus, by setting 
np_artificial inhibitory impulses, causes^ an inhibition of respiration 
i^ whatever phase respiration is at the time of the stimulation. 

It''‘is"'how evident the vagi also carry accelerator nerves, for it 
has been found by Hammouda in Anrep's laboratory that if they 
are cooled their stimulation results in acceleration. The slowing 
which occurs on section may therefore he considered to be due 
partly to the cutting off of accelerator impulses, which arise at 
the periphery. 

' There is, however, evidence that the Hering-Breuer reflex is not 
constantly in operation, otherwise we sho'uld~hot he able to breathe 
deeply during exercise. This, may be shown experimentally. By 
using a block with a galvanic current, it has been shown that 



Flo. 114. — Tracings of diaphragm. The upward movements of the tracings represent 
inspiration ; the downward movements, expiration. A, result of positive, B, of 
negative ventilation. (After Head.) 

the effect of the vagi on the respiratory centre may be made to 
vary. Thus, although at first, while the animal is under ether 
anaesthesia, block or section of the vagi may have no effect what- 
ever on respiration (McDowall), if the animal is ^allowed to rest 
under chloralose anaesthesia, the classical effect is obtained on 
blocking. Again, it may be shown that asphyxia,-sensory-stimulation, 
or- -the injection of acid _and_, adrenaline reduces ' or -abobshes .the 
effects-of^^gnsrsectionTaltogether.-, The Hering-Breuer reflex is, 
therefore, to_be_ considered a mechanism for the limita tion, of 
respiration especiall y during rest" somewhat analogous to the 
"depressor reflexes of the circulation. 

Shallow and Rapid Respiration . — This condition may be produced 
by irritating the inside of the alyeoh. with a gas such as chlorine 
(one of tHe^poison' gases used in war). It may also be produced 
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by sudden blocking of tbe pulmonary artery or its -branches 
(^e niboIism_) . Experimentally this has been done by injecting oil 
intravenously (Dunn) ; see %. 115. 

The reflex origin of such respiration is . shown by the fact that 
it disappears if the vagi are cut, and its importance lies in the fact 
that it, occurs in p>neumonia when 
\ it causes faulty aeration of the.blood. 

I The irritation of the vagus- 
1 endings in the lung may be con- 
I sidered to stimulate the centres and 
I cause exaggeration of the Hering- 
I Brener reflex. Such a condition may 
be due also to a gradual weakening 
of the respiratory centre, such as 
occurs during deprivation of oxygen 
or lessening of the oxygen intake 
below a certain level ; or again 
tach ypnoea, the rapid respiration 
induced in some animals by heat, 
may be purely central, and may be 
produced by merely warming the 
blood as it goes to the brain. 

Exhaustion' of the respiratory 
centre may be brought about by 
prolonged and forceful breathing 
through narrow tubing. Hence the 
necessity for wide-bored tubing in 
divers' apparatus and the like. , 

The Elssential Nature of Re- 
spiration.— Discussion is frequent 
on the question whether respiration 
is essentially a reflex phenomenon, 
the so-called respiratory centres 
being“'mereiy synapses or central 
cells upon winch carbon dioxide and 
. oxygen act. That carbon , diomde is 
■ essential for. much nervous activity 
. is ' welDknownj_ it is, for example, 

essential for., the, hdrihal response of the vasomotor centre to posture 
i anH the 'maintenance of decerebrate rigidity. It has been .suggested 
; thai'affereht impulses from the sensory nerves generally bring about 
' inspiration; while expiration is a reflex response to afferent impulses 
arising , from the inspiratory muscles. The other view is that the .j, 
centres of the brain are constantly giving off rhythmical stimuli j,| 
to the respiratory muscles in virtue of their inherent rhythm, 



Fiq. 115.— Chart showing percentage altera- 
tion in rate of respiration (K^), total 
ventilation of the lungs (L/M), anddepth 
of each respiration (CC/R) during the 
course of an experiment in which pul- 
monary embolism was produced in a goat. 
The zero line represents the normal for 
each factor, and variations in ' each are 
recorded in percentage terms of the 
normal, so as to make all comparable. 
As the percentage rise in rate exceeds the 
percentage rise in ventilation, the depth 
of breathing falls below the normal.’ (J. 
S. Bunn.) 
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This view has been strongly supported by Adrian, who has found 
that if electrodes are placed on the brain removed from a goldfish, 
groups of action potentials may be recorded which correspond 
in rate to gill movements. In the fish these are respiratory 
movements. 

This experiment appears to supply the hitherto unobtainable 
proof that the brain can set up rhythmical impulses for respiration in 
the absence of receipt of afferent impulses. Hitherto it has not been 
possible to obtain evidence of respiratory activity without making 
use of some respiratory movement which in itself may be the origin 
of afferent impulses. In the mammal it is also impossible to cut oflf 
all afferent stimuli without so injuring the blood supply that the 
brain dies, for the central respiratory mechanism dies rapidly when 
the blood supply ceases. 

In connection with the relative importance of the nervous and 
chemical factors in breathing, it was at one time held that' if the 
vagi, were cut carbon dioxide could not cause an increased rate -of 
respiration. Scott, the author of this view, has now withdrawn it 
since further experiments have proved it to be untenable. Even 
'when these nerves are divided, an increase in rate can be 
produced by causing the animal to re-breathe its own expired 
air provided all .other sensory stimulation* has been avoided 
(McDowall). 

The Effect of Higher Centres. — ^Krogh pointed out that at the 
onset of exercise the increase in total ventilation may be immediate, 
and may take place before any chemical changes could have occurred 
in the- blood. This may be shown by causing an individual to work^ 
a stationary bicycle with an electro-magnetic brake the strength of 
which can be altered without the knowledge of the subject. With 
an increase of. load, the subject’s respiration is at once augmented ; 
but not only so, for a similar augmentation occurs if he sees the 
switch being moved and thinks the loading current has been thrown 
in. The initial increase in total ventilation would therefore appear 
to be effected by the higher regions of the brain. 

To~sum up : — In a normal respiration the chemical and nervous 
factors would therefore appear to be related somewhat* as follows: 
The inspiratory centre is stimulated to a degree depending on the 
gaseous content of the blood, but the movement is cut short* by an 
: inhibitory impulse passing up the vagus, only to begin again when 
the. effects of this inhibitory impulse are removed. 

First Inspiration. — During foetal life the need of the 
embryo for -oxygen is small, and is amply met by the transference 
of oxygen from the maternal blood through the thin walls of the 
foetal capniaries . in .the_ placenta. But when the child is born, this 
source of oxygen is no longer available, the increasing venosity of 
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the bbod stimulates the respiratory centre tp action, and is the ( 
essential cause of' the'first inspiratory efforts the new-born child 
makes to obtain the oxygen it requires. It is said that if the 
placental circulation is stopped while the child is still m uiero’ 
respiratory efforts are also made. Some regard the action_of _ the ,■ 
air on the body surface as an accessory cause of the firsfrespirations, 
and it is the practice to increase this in feeble children by 
stimulating the cutaneous nerves by the application of cold water 
to the skin. Such treatment always causes deep inspirations, even 
in the adult. 

Inhibition of respiration may be brought about in several ways : ■■ 
for instance, stimulatio n of the central en d of the glossopha ryngeal 
inhibits the rSpiratory movements~fo'r'‘a -short period; this accounts 
for the very necessary cessation of breathing during swallowing. 
Stimulation of the central end of the cut superior laryngeal nerve 
or vagus nerve, or of its terminations in the mucous membrane 
of the larynx, as when a crumb is “swallowed the wrong way,” ' 
■produces an increase of expiratory efforts, which culminate in 
coughing. 

Breaking-Point. — The time which the breath can be held depends 
, on the accumulation of carbon dioxide in the blood. IJsually -the 
I' breaking -point is reached. ..when the carbon dioxide in the alveoli 
j has reached 7 per ce nt. If, however, the individual re-breathes his 
own expired ''air^ aS3~does not cease respiratory movements, it is 
found that a much higher percentage can be tolerated ; indeed, in 
some determined persons, unconsciousness may occur first. The 
cause of this is not quite certain, but it seems that holding the 
breath causes much greater oxygen lack to the tissues than re-,? 
breathing, because the circulation is impeded by the loss of the; 
respiratory pump. 

Obeyne-Stokes^ Respiration . 

This is a condition in which the breathing waxes and wanes 
(fig. 116). It is an exaggeration of the type of respiration which is 
often seen during sleep in perfectly healthy people. It may be 
induced in normal persons if they make themselves pant violently 
for 1-2 minutes. If then respiration is allowed to take its own 

course, there will first be a pa use (apnoea), then Cheyne-Sto kes. 

re spiration will Bd ~Rftt .3 1^ ~The ^oups will become less and 
Tess^ distinct, and respiration will ultimately become normal. The _ 
explanation is as follows; — , , _ 

The panting causes an undue amount of carbonic acid to be 
swept out of the body, with the result that the carlDonic acid tension 
in the blood and in the tissues sinks to perhaps a quarter or a tliird 
of its usual value. Alr eady we, have seen that carbonic acid is an 
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active stimulant to the respiratory centre, and its removal causes 
respiration to cease, hence the apnoea. But during the apnoeic period 
the arterial hlood becomes less and less oxygenated. This causes the 
respiratory centre to become unduly irritable, so that when carbon 
dioxide does accumulate it over-stimula'tes the centre and causes 
itself to be washed out again; another period, of apnoea or of- 
reduced respiration is then produced. Oheyne- Stokes breathing 
appears to be dependent on oxygen- want, but there are many other 
factors concerned in its production’. 

It has been shown for example that the production"’ of such 
, periodic respiration is easier if the body is- cooled, when the subject 
is lying down, or is rested befo'fe the hverventilation. A cuff placed 
on the limbs to block the veins and thus withdraw blood from 
the circulation increases respiratory periodicity (J. IT. Jlills).- It is 
suggested that pulmonary congestion may play a part.' 



Fio. 116. — Stethograph tracing of Cheyne-Stokes respiration in a man. The time is 
marked in flecbiids. (Pembrey and Allen.) 


“ If from any cause, such' as cerebral haemorrhage or circulatory / ■ 
failure, the ...circulation through the respiratory centre is interfered^ ' 
with, or if the absorption of oxygen is .interfered with by such cause3""7' 
as diminished barometric, pressure or pathological conditions in;' '/ 
^e lungs, the occurrence of periodic or Cheyne-Stokes breathing 
becomes easily inteUigible.” — (Haldane and Douglas.) 

Eesearches by Eoberts and by Mellanby and Huggett seem to 
show the presence of vasomotor changes in , the , medulla which 
cannot be ignored as a factor in Cheyne-Stokes respiration. 

Pathological Cheyne-Stokes respiration may be removed by 
administration either of oxygen or of carbonic acid, 'but sometimes 
it is unaffected by breathing oxygen (J. H. Mils). 

It is not, however, to be presumed that Cheyne-Stokes respira- 
tion is necessarily a pathological state. It occurs in many normal\ 
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persons during sleep.. 
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.The Effects of Exercise on Respiration:{|^5^' 

We are kll familiar with the fact that physical exercise increases 
of respiration. This is due to a variety of causes which are 
of the greatest importance in medicine. The first two we have 
already considered. 

i|' 1. An accumulation of carbon dioxide and lactic acid in the blood. 
i| 2. Oxygen-want acting on the aortic and carotid bodies. 

^1 3. Inadequacy of the circulation. It is a little difficult to decide 
how this cause acts normally, but its importance is/ made very 
evident by well-known observations that breathlessness js.a_conimon , 
symptom*, of _heart. disease, especially when the_mitraLv.alye is aff ecte d 
— and-the-sympto m is 'm arkedly increased by’’ exercise. In most cases 
blood accumulates in the lungs as shown by - a diminution of the ' 
vital capacity, in others the increase of breathing may he caused 
reflexly. An adequate speed of circulation permitting the accumula- 
tton of carbon dioxide or oxygen lack in the arterial blood does not 
seem to be of anything but theoretical importance for the blood is 
usually over-aerated. 

All these factors may be accentuated by (1) lack of training, 
which results in a poor performance of the heart and uneconomical 
methods of doing work, with the result that larger amounts of muscle 
are used than are necessary. This is well seen in the breathlessness 
produced in the fat or old man laboriously chmbihg, compared with 
the ease with which a young athlete can run up stairs. Therefore, 
when the heart is fatty or actually diseased , the breathlessness of 
exercise tends to be' increased. It seems that the inadequacy of the . 
heart allows the accumulation of blood in the lungs and a marked 
reduction of the vital capacity, and therefore of the gaseous .exchange.s. .. 
in the lungs. (2) Lack of hgemoglobin, or fixation by carbon monoxide, 
by reducing the gas-carrying power of the blood similarly increases 
the effect of the exercise. 

The higher centres play an important part in the increase of 
respiration, which takes place at the very beginning of, or even 
before, exercise. Mere emotion may be sufficient to cause a marked V 
over-ventilation, which may even result in tetany if the subject is 
deficient in calcium. 


Special Respiratory Acts. 

Coughing . — In the act of coughing there is first of aU a deep 
inspiration, followed by an expiration ; but the latter, instead_ of 
being eas^ ■uninterrupted, as in normal breathing, is obstructed, 
the glottis being momen'terily closed by the approximation of the vocal 
cords. The abdominal muscles, then acting strongly, push up the 
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viscera against the diapliragm, and thus make pressure on the air in 
the lungs until its tension is sufficient to open noisiLy_the vocal cords 
wh ich op pose its outward passage. In this way considerable force is 
exercised, and mucus or any other, matter that may need expulsion 
from the air-passages is quickly and sharply expelled by the out- 
streaming current of air. The n,ctis.a jefl ex on e, the sensory surface 
which is excited being the muc ous me mbrane of tHeTarynx,~an~d~the 
’sup_eriof 71 ajyngeal~nerve"iOffi^ afferent, neiwe ; stimulation of other 
parts of the respiratory mucous membrane will also produce cough, 
and the point of bifurcation of the trachea is specially sensitive. 
Other sensory surfaces may also act as the “signal surface” for a 
cough. Thus, a cold draught on the skin, or tickling the external 
auditory meatus, in some people will set up a cougL 

Sneezing, — The same * remarks that apply to coughing are almost exactly 
applicable to the act of sneezing ; but, in this instance, the blast of air, on 
escaping from the lungs, is directed, by a contraction of the pillars of the fauces 
and descent of - the soft palate, chiefly through the nose, and any offending matter 
is thence expelled. 

Th e ** signal surface ” is_ .usually-the,nasal..mucous_jQembrane, but here, as in 
coughing, other causes (such as a bright light) will sometimes set* the reflex going. 

Hiccough is an involuntary sudden contraction of the diaphragm, causing an 
inspiration which is suddenly arrested by the closure of the glottis, causing 
a characteristic sound. It_u suallv ari ses from gasto[c jrritation. « c/ j 

Snoring is due to vibration of the soft palate, » 

Sobbing consists of a series of convul sive ins pirations at the moment of which 
the glottis is partially closed. (v' , 

Sighing and Yawning are-e. motional fo rms of inspiration, the latter associated 
with stretching movements of Jaws and“Iimbs^ They appear to be efforts of 
the^^nervous. .system to correct, by an extra deep inspiration, the venosity of the 
blood due to inactivity' produced by-ennui,6iLgri^f. 

There are many other abnormalities of the respiratory mechanism which will 
become familiar to the student of medicine during his clinical studies. We may 
mention, as an example, laryngismus stridulu s (the spasmodic croup of children). 
This is a nervous affection due to increased reflex- irritability of the laryngeal 
mechanism ; the fits of suffocation are produced by tonic spasm of the adductor 
muscles of the glottis, such as may occur in rickets and which really is a laryngeal 
manifestation ofletany. 


Artificial Respiration. 

In experiments on animals .in which it is necessary to open the 
chest, life can he maintained by pumping air into the lungs ; this is 
done by .means of some form of pump or bellows, the delivery tube 
of which is connected to the trachea by a cannula, a side hole 
in which provides for the escape of the expired air. A bottle 
containing the anaesthetic may be placed on the course of the delivery 
tube. 

Artificial respiration is sometimes necessary in man' to restore 
normal breathing, as for instance in those who are apparently dead 
from drowning. In such cases speed in commencing the artificial 
breathing, and perseverance in continuing the process are essential.' 
Many have been restored to life after the efforts have been continued 




B 

Fig. 116a. — This illustrates the two principal positions A and B in performing Schafer’s method 
of artificial • respiration. Reproduced by permission of Sir E. Sharp ei'-Schafer and the 
National Life Saving Society. 
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for an hour or more. It is now recognised that of the numerous 
methods for performing artificial respiration, that introduced by 
Sharpey-Schafer is simple, not injurious, and very effective He 
was Professor of Physiology at University CoUege, London, and 
subsequently at Edinburgh. The subject is laid on the ground in the 
prone position, with a thick folded garment under his chest. This 
position facilitates the flow of water from the mouth which should be 
freed, of all obstructions, mud, weeds, etc. The operator kneels by 
his side or athwart him facing his head, and places his hands on the 
_small of the patient’s back. He slowly throws the weight of his 
'Bday-farwHl'ds, and tJius Jesses upon the abdomen of the subject, 
and forces air out of the lungs; he then gradually relaxes the 
pressure by bringing his body up again, but without removing 
his hands. Sharpey-Schafer insisted on the point that the driving 
upwards of the diaphragm by the pressure on the abdomen is more 
important than attempting to push up the ribs. This is repeated 
regularly at the rate of twelve to fifteen times a minute until normal 
respiration begins, or until all hope of restoration is given up, but 
while the heart beats there is hope.* 

It cannot, however, be over-emphasised that the important thing 
about artificial respiration is to get begun, for every second’s delay 
makes recovery less likely. On the operatmg table during a surgical 
operation it may not be convenient to turn the patient on his face, 
but adequate respiration may be obtained by gentle rhythmical 
compression of the abdomen or by pulling up the ribs by means of 
the arms (Sylvester’s method). Almost any method gives a ventila- 
tion equivalent to the normal tidal air. 

Mechanical Artificial Respiration. 

The prevalence of anterior poliomyelitis (infantile paralysis), 
which may lead to paralysis of the medulla, has necessitated the 
introduction of -a variety of mechanical methods by which artificial 
respiration may be continued for prolonged periods. The chief method 
in use is that of Drinker, in which the patient’s chest and abdomen 
are enclosed in an airtight chamber in which a negative pressure 
canj3q.produced.,r.hythmically. In the Bragg-Paul method the chest 
is rhythmically compressed by inflating a bag fastened round it. 

Ventilation, i— 

Some observers have stated that certain noxious substances are 
ordinarily contained in expired air which are much moi'e poisonous 
than carbonic acid, but careful research has failed to substantiate 

* Recently a rocking method has been introduced by Eve, but requires the use 
of a stretcher. It is stated to bring about a greater oxygen uptake than bchater s 
method) Hemingway, 1944). 
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this view. If precautions be taken by absolute cleanliness to 
prevent admixture of the air with exhalations from skin, teeth, 
and clothes, the expired air contains only one noxious substance, 
and that is carbonic acid. 

An adult gives off about 0'6 cubic feet of carbonic ac id per hour, 
and if he is supplied with 1000~ciibie 'feet of' fresh air per hour, he 
win add 0‘6 to the 0‘4 cubic feet of carbonic acid it already contaius; 
in other words, the percentage of that gas will be raised to O’l. An 
hourly supply of 2000 cubic feet of fresh air will lower the percentage 
of carbonic acid to 0’07, and of 3000 cubic feet to 0'06, and this is 
the supply which is usually recommended. In order that the air may 
be renewed without giving rise to draughts, each adult should be 
allotted sufficient space in a room, at least 1000 cubic feet, but 
this is seldom possible. 

Leonard Hill considers that since the carbon dioxide even of a 
stuffy room seldom rises above O'l per cent., a level which is readily 
compensated by an imperceptible increase in respiration, the effects 
of bad ventilation are not so much due to changes in the chemical 
• composition of the air, as to the absence of movement in- the air; 
i moving air has a stimulating, and still hot air a depressing effect. 

Air Raid Shelters, etc. 

In war time the length of time an air-tight room can be occupied 
safely is of considerable practical importance. By experiment on 
man Haldane has found that such a room may be occupied until the 
oxygen has fallen to 14 per cent., that is with carbon dioxide also 
• accumulating to about , 6 per cent. This means that one person at 
rest can safely occupy a room of 25 cubic feet for two hours. Bor 
convenience it may be noted that 1 cubic foot contains 28-3 litres. 
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THE RELATION OF RESPIRATION TO OTHER PROCESSES IN THE BODY 

TEe Eiffect of the Respiratory Movements on the Circulation" '^^ 
and the Pulmonary Circulation. 

The main effect of respiration on the circulation , is shown in the 
accompanying figure (fig. 117). It will be noticed that the arterial 'I 
pressure rises„ with_,inspiration^ and falls with expiration;:hut-‘that | 



Fio. 117. — Comparison of blood-pressure curve with curve of intra-tlioracic pressure. (To be read from * 
left to right.) a is the curve of blood -pressure with its respiratory undulations, the slower heart- 
- beats on the descent being unusually well marked ; h is the curve of intra-thoracic pressure 
obtained by connecting one limb of a manometer with the pleural cavity. Inspiration begins at i 
and expiration at c. (M. Foster.) 


the two _ events . are , not quite synchronous, the rise . of , pressure 
beginning a .little later than the inspiratory' act, and' the fall a. 
little later than- the expiratory act. • 

I These variations are chiefly the result of the mechanical con- 
\ ditions dependent on the lungs and heart with its large vessels being 
1 contained within the air-tight thorax. If the intra-thoracic pressure 
'is measured, it is found that it varies from —5 to —7 mm. ^ 
men 3 ury...,at ,the end of expiration to , —. 30 , at thT~en3'~6f~'a"3eep' 
inspiration; that is to say, from 5 to 7 to 30 mm. » less than the 

" 243 ' 



244 


KELATION OF KESPIEATION TO OTHER PROCESSES [OH. XIX. 


atmospheric pressure (760 nun. of mercury). The pressure outside 
the heart and the thoracic vessels is correspondingly diminished 
during inspiration to the same extent, and produces its main effect 
(distension) upon t he t hin-walled v^s and_ the « right heart and 
pulmonary circulation. there,,is.,a. diminished 

.resistance in ^ the pulmonary, circuit (Sharpey-Schafer), and lowered 
pressure (Lewis) and this allows the heart to 

dilh'mofe^ easily. When the chest cavity is enlarged in inspiration, 
not only is air sucked into the lungs hut more blood is also sucked 
into the veins and so into the heart. In expiration the reverse 
occurs. This causes a momentary reduction of the amount of 
blood which reaches the left side of the heart and a slight fall of 
blood-pressure, but after a few beats this is more than com- 
pensated for by an increased flow due to the reduced resistance of 
the pulmonary circuit and increased output of the right side of the 
heart. During expiration the pressure in the lungs rises for there is 
considerable resistance to the. exit of air. When the lung is 
compressed, the blood it contains can, because of the pulmonary 
valve, only flow forward towards the • left side of the heart, 
and the blood-pressure rises momentarily, but by the middle 
" . of expiration the pulmonary resistance is so increased and the 
amount of blood entering the chest so reduced that the blood- 
pressure falls. 

Yarious other factors are also concerned. Dtu:ing^ inspiratipn ) 
t here is an irradia^n_of^impulses.Jo_inhibit_the_.yagus centre ^ 
causi ng. .thelliearOo. go Jasta_ In some persons this is quite marked / 
and is known as aTrliytlimia. 

The effect of* inspiration ‘on arterial blood-pressure is at^ first 
assisted by the pressure of the diaptaagm, as it descends, on the 
abdominal veins, and blood is thus sent upwards into the chest by 
the vena cava inferior. On the other hand, this is to some extent 
counterbalanced by the obstruction in the passage of the blood down- 
wards in the abdominal aorta, but again the veins are the vessels 
more easily influenced by moderate changes in external pressure. 

All these changes are naturally best seen when respiration is 
slow and deep; this may be done voluntarily or in animals by 
cutting the vagi or cooling the medulla. They are of considerable 
importance in the return of the venous blood from the lower part 
of the body while in the erect posture and constitute what is 
known as the Respiratory Pump. 

Artificial respiration performed by means of a pump which forces 
air into the chest produces converse undulations in blood-pressure; 
each blast of the pump increases the. pressure im the lungs and in 
the chest and causes a reduction in the 9 utput of the heart, like the 
normal expiratory act. 
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Valsalva’s Ux^penment — In speaking of the effects of expiration, 
we have considered only ordinary quiet expiration. With forced 
expiration, there is considerable impediment .to the circulation ; this 
is markedly seen in what is called Valsalva’s experiment. This con- 
sists in' making a forced expiratory effort with the mouth and nose 
shut ; the effects are most marked in people with an easily compres- 
sible thorax. By such an act the intra-thoraeic and abdominal 
pressures rise so greatly that the outlets of the veins of the limbs, 
head, and neck into the thorax are blocked. At_first,.,the...blood in 
tlm Inngs is_foyceA„qut.;„,,this , produces a sHg^^ rise of arterial 
p'ress ji're ; but soon, if the effort is continued, the lungs are' emptied 
of blood, the filling of the right heart is opposed, and the blood is 
dammed back in the peripheral veins, where the pressure rises to the 
mean arterial pressure. The arterial pressure begins then to faU; 
but before any considerabl'eVall' occurs," the' expiratory effort ceases 
from exhaustion of the experimenter, and a deep inspiration is taken. 
During this inspiration, the blood delivered by the right heart is all 
used in the filling of the comparatively empty pulmonary vessels ; 
thus several beats of the left ventricle become, abortive, and produce 
nWefiect bn thie systemic arteries ; the face blanches, and the subject 
becomes faint from cerebral anaemia. The alteration of the pulse 
which occurs in Valsalva’s experiment may be shown graphically by 
the sphygmograph. 

The' Experimental Study of the Pulmonary Circulation. -tr-- 
Many of the above facts have been made out from a direct study of 
the pulmonary circulation. Tliis is more difficult than that of the 
general circulation because of the necessity for opening the chest, 
and of maintaining artificial' respiration. 

Pressures taken in branches of the pulmonary arte ry are, about 
one-thi rd of that in the ao rta, as perhaps mighTbe expected from the 
thinness of the muscle of~the right ventricle compared with that of 
the left. It has been possible to close the chest and make it air- 
tight with a cannula in the artery, and it has been found (Sharpey-» 
SShafer) that' the pulmona ry arterial pressure falls at each inspiration| 
and rises at each expiration:~~If"the' chest' is open and' artificial’i 
"respiration maintained by means of a pump or bellows, the rise takes 
place during the infl ation period when the pulmonary capillaries are 
compressed. 

There is evidence that during quiet breathing, when some of the 
alveoli are not in use, some of the pulmonary capillaries are closed 
because after an inflation of the lungs the pulmonary pressure is lower 
than, before. 

The vessels of the lungs are under nervous control like all the 
other vessels of the body. The subject has been studied of recent 
years, notably by Daly and by Wiggers. 
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Asphyxia. 

Asphyxia may be produced by anything which prevents adequate 
aeration of the blood.* If the _cause^.pf . the_ asphyxia is,.not due to 
the fa ilure._of,.respiratiQn.,itseIf)-as -in- damage to. the. medulla,., the 
s ympt om s of as phyaa may_be roughly-divided. in to three stages: (1) 
the stage of exaggerated , breathing (hyperpnoea) passing intp.dyspnoea ; 
(2)~the stage of conVulsions; (3) the stage of exhaustion or collapse. 

Ih'the^r■s^ stage the breathing becomes much deeper than usual, 
inspiration at first being especially exaggerated and prolonged. The 
muscles of extraordinary inspiration are called into action, and the 
effort to respire is laboured and painful. This is soon followed by 
a similar increase in the expiratory efforts, which become excessively 
prolonged, being aided by all the muscles of extraordinary expira- 
tion. During this stage, which, lasts a varying time from a minute 
upwards, according as the deprivation of oxygen is sudden or gradual, 
thp lips become, blue,- the. eyes are prominent, and the expression, 
t intensely anxious. This stage is due to the powerful stimulation 
I of the respiratory centre by the increasingly venous blood. 

* In the second stage, which is not marked by any distinct line of 
demarcation from the first, the violent expiratory efforts . become 
convulsive, and then give way, in men and other warm-blooded 
aniraals,~tb" general muscular convulsions, which arise from the further 
stimulation of the centres in- brain and cord by venous blood. The 
convulsive stage is a short ..one, andJasts.less th an,a,minute. ’ 

T}aQ~'t1iifd stage is that of exhaustion. In it the respirations all 
but cease, the spasms give way t o fiaccid ity of the muscles, there is 
insensibility, the* conjunctivge are , insensitive and the pupils are 
widely dilated. Every now and then a prolonged sighing inspiration 
takes place, at longer and longer intervals, until breathing ceases 
altogether, and death ensues. During this stage the pulse is -- 

scarcely to be felt, but the heart may beat for some time after the 
respiration has stopped. The conation is due to the gradual 
paralysis of the centres by the prolonged -action of the venous blood. 
This stage may las t thr ee min utes and upwards. 

The changes i^ch occur in the circulation are also characteristic. 
In ansesthetised animals the arterial and venous pressures rise above 
■ the normal during the first stage (fig. 118) ; this-is-due'tcTstiinulation 
of..the vasomotor- centre -and-of-the'sympathetic -leading to cardiac 
acceleration which, together with the increased venous pressure, causes 
an increased cardiac output (Mathur). This latter feature may 
not, however, show if the heart has already been accelerated or if 
the sympathetic has been depressed by the anaesthetic. There is 
also no doubt a .secretion of adrenaline, which acts, both on the heart 
♦.Asphyxia is therefo^ a conlbmatioh of oxygen want and excess of carbon 
dioxide. 
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and blood-vessels. If the vagi are not divided previously, the rise 
of pressure is much less, and as the asphyxia proceeds the cardiac 



acceleration is replaced by cardiac slowing: this enables the heart 
to last longer, and is due to excitation of the cardio-inhibitory centre 
by venous blood. The,.final^_fall of blood-pressure is due to cardiac 
-failure 'and "to the dilator effects of carbon dioxide and other sub- 
stances such as histamine and adenosine triphosphate which may be 
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l ibera ted on the internal peripheral vessels. Late r the va somotor 
• centre'.dies.' ■ - - . 

It should be noted that similar central eifects are produced by 
asphyxia of the head only, even if artificiah respiration is kept up. 
The late slowing of the heart is an important diagnostic sign of 
asphyxia of the brain in cerebral injuries. 

After death the right side of the heart and the great veins 
are engorged with venous blood, while the left side and the 
arteries are empty. This is the result of the failure of the heart 
as a pump, and of the contraction of the smaller arteries and 
skin capillaries which together cause the enormous rise in venous 
pressure. 


The Relation of Respira-tion to Nutrition. 


The gaseous interchanges in the lungs constitute what is fre- 
quently termed e xternal respiration. Oxygen- obtains an entrance 
into the blood, and is carried to’ the tissues in the loose compound 
known as oxyhsemoglobin. In the tissues, this compound is dis- 
sociated, and the respiratory oxygen is utilised by the tissue elements 
for the combustion processes which occur consequent on their 
activity. Of the ultimate products, carbonic acid and a portion of 
the water find an outlet by the lungs, to which they are .transported 
by the venous blood. The gaseous interchanges in the tissues con- 
stitute what is known as internal or tissue respiration. 

Tissue Respiration.— External or pulmonary respiration is much 
less obscure than tissue or internal respiration. It must be borne in 


mind, however, that pulmonary respiration is but the means, and 
tissue-respiration is th^'end; ' 

Tissue respiration consists in the passage of oxygen from the 
blood of the capillaries to the cells of the tissues, and the passage 
of carbonic acid in the reverse direction. This -gaseous interchange 
is no doubt brought about by a ^im^ ^process, pf diffu sion. The 

oxygen' passes out of the plasma 
of the blood through the capil- 
lary wall, and then through the 
lymph until it reaches the cell in 
which it is to be used, which we 
will suppose is a muscle -fibre 
(fig. 119). In order that a con- 
stant stream of oxygen may pass 
from the blood to the fibre, there must be a difference of oxygen 
pressure between the oxygen' dissolved in the plasma, and that 
dissolved in the lymph, and the latter must be at a greater 
pressure than that dissolved in the muscle-fibre. The amount 
of oxygen which passes will, other things being equal, be directly 
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proportional to these pressure differences, and as the amount ■ 
greatly at different times, it is obvious that the pressure diffei 
-also vary greatly. When the muscle is at rest, the oxygen pn 
in the capillaries is very, near to that in the mnscle-fibre ; whc 
muscle is active and using large quantities of oxygen, the 
muscular oxygen is reduced and more oxygen enters the muscle 
The tension of oxygen in tissue lymph has been investi 
by injecting a bubble of nitrogen into the tissue spaces or 
cavities, and subsequently withdrawing and analysing .the -b 
after equilibrium has become estabhshed between the gases i 
bubble and in the lymph. The tensions of oxygen thus obi 
usually vary between 20 and 40 mm. H r., with an increase 
70 mm. during increase blood supply or some decrease below 2( 
during decrease of blood supply or during increased use of o: 
when there is increased tissue activity. The oxygen tensions v 
the cells bathed by the lymph are probably similar to those i 
lymph with the possibihty of some variation in different 
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Fiq. 120.— The black area represents the lactic acid thrown into the blood during the timef 
a tetanus that lasted 84 seconds ; the work done by the muscle was 70 gramme-centimet 
total quantity of lactic acid formed was 0*003 gramme. The figures on the vertical line r 
fractions of a gramme of lactic acid per second. 

of the cell. Thus in muscular activity lactic acid may be f( 
in certain parts of the fibre at a more rapid rate than o: 
can diffuse to these parts. It is hkeiy that the more vital pari 
nuclei of cells of an aerobic organism like man, are normally 
without oxygen (Argyll Campbell). 

From what has been said regarding the effect of carbon di 
and acids in reducing the amount of oxygen held by the blood i' 
be deduced that the capillary oxygen pressure will be raised b 
increased quantity of acid which is thrown into the blood a 
result of muscular activity. The above diagram (fig. 120) i 
the extent, both in degree and time, of this pouring of acid in 
blood as the result of a short tetanic contraction of a muscle. 

In glandular structures the oxygen pressure is higher 
• in muscle; probably owing to the relatively more copious 1 
supply of glands, equilibrium is more readily established he 
the blood and the gland ceUs, the oxygen pressure in the cells 
almost that present in venous blood. 
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It has been shown on the heart that if N is the number of 
heats per minute, T the maximum blood-pressure which is attained 

HxT 

at each beat, and 0 the amount of oxygen used ; ■ then — ^ — is a 

constant quantity, unless the cardiac muscle is itself rendered less 
efficient, as may be done by the use of drugs. This is in agreement 
with a series of researches on the heat given out by frog’s muscle,- 
which shows that the heat given out in a' single contraction varies 
directly with the tension in the muscle. In other words, the_amount 
oL-oxygen-used and heat evolved is, as might he expected, propor- 
tional- to the. work done “by ’’thhTissue”as'^s the following 

table. The student should' read the“section on the Chemical Changes 
in Muscle at this stage. 


Organ. 

Condition of Rest. 

Oxygen used 
per minute 
per gramme 
of organ. 

Condition of 

Activity. 

Oxygen used 
per minute 
per gramme 
of organ. 

Voluntary 

muscle. 

Nerves cut. 

Tone absent. 

/ 

0-003 C.C. 

Tone existing in rest 
Gentle contraction. 
Active contraction. 

0*006 c.c. 
0*020 c.c. 
0*080 c.c. 

Unstriped 

muscle. 

Resting, 

0’004 C.C. 

Contracting. . 

0*007 c,c. 

Heart, 

'Very slow and 
feeble con- 
tractions. 

0*007 c.c. 

Normal contraction. 
Very active. 

I 0*05 c.c. 

0*08 c.c. 

• 

Submaxillary 

gland. 

Nerves cut. 

0*03 C.C. 

Chorda stimulation. 

0*10 c.c. 


/ The Mechanism of Oxidation. 

Many students may prefer to defer reading this section until 
they have /completed Intermediate Metabolism. 

The oxidation of foodstuffs is, unfortunately, not so simple as 
the oxidation of metals. Hone of the carbohydrates are oxidised by 
merely exposing them to oxygen, yet they are easily oxidised in the 
body. It is evident that some catalytic process is necessary. The 
whole mechanism has now been shown to depend on the existence of 
a large number of organic catalysts or enzymes, which may catalyse- 
both oxidation and reduction. 

The first step in the study of the processes concerned was the 
discovery of oxidases or oxygen-carriers. If the resin guaiacum is 
exposed to air it is unaffected, hut if a plant juice such as that 
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of potato is added it becomes dark blue. If now alcohol is added 
to such juice a precipitate is formed which will not act like oxidase 
but -will cause the guaiae to be oxidised only in the presence of 
hydrogen peroxide. It was subsequently found that the plant juice 
contains phenolic substances which are auto-oxidisable and form 
organic peroxides from which oxygen is readily available for activation 
and use by peo-oxidases. It is the oxidation of these auto-oxidisable 
substances to organic peroxides which causes the rapid darkening 
of. a cut apple or potato exposed to air.. Ferrous salts generally 
have the power of acting as peroxidases and cause a large number 
of reactions similar to those which occur in the body, such as the 
oxidation of fatty acids (see later page) and of glucose to glucuronic 
acid. The hsemoglobin of blood also has a peroxidase -like action and 
its presence can be demonstrated by adding to it hydrogen peroxide 
and guaiae. This, indeed, is a recognised test for blood. 

. Oxidation does not necessarily involve the addition of oxygen. 
A simple chemical equation indicates that the taking up of hydrogen 
comes to the sam e thing. Thus in HOj -1- Hg = 2 H 2 O we can look upon 
the hydrogen as being oxidised, on the peroxide as taking up hydrogen. 

In tissues and fluids this subject has been studied by the use of 
methylene blue which is colourless when hydrogen is added to it. 
If this dye is brought into contact with -living tissue it becomes 
decolorised, and as this occurs in the absence of oxygen, and as 
methylene blue is not an oxidising agent in the ordinary sense, it 
may be presumed that it takes up hydrogen. . ■ 

On further investigation it has been found that the decolorisation 
depends on an enzyme which has been called dehydrogenase which 
transfers the hydrogen to the hydrogen acceptor, in the above- case 
the methylene blue. Further, it becomes evident if the -now 
reduced acceptor, with its extra hydrogen, was allowed to take up 
0,, it may produce either water or hydrogen peroxide. But hydrogen 
peroxide is harmful to tissues, and we are therefore not surprised 
to find that there exists in tissues still another enzyme catalase, 
which rapidly breaks it up to form water releasing oxygen. It is, 
indeed. Tor this reason that the oxygen bubbles off from hydrogen 
peroxide in contact with tissues. It should, however; be noted that 
a catalase differs from a peroxidase in that the latter activates 
hydrogen peroxide without decomposing it. 

In the tissues it has now become apparent that the processes of 
oxidation and hydrogen acceptance both occur and that there exist a 
. number of substances which are alternately oxidised and reduced. Such 
catalytic substances are the iron containing pigments cytochromes and 
the tripeptide glutathione. There is present also in tissue a yellow 
oxidation catalyst, a complex flavin, which appears to act like methylene 
blue and to be related to the activities of vitamins Bg and possibly- C. 
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_ Some of the tissue poisons lilce cyanide and ansesthetics act by 
interfering with the enzyme actions concerned in the tissue oxidation. 

Of the catalysts the cytochrome system seems to be the most 
important. Cytochrome, of which there are several varieties, is 
a hscmochromogen related to the blood, pigments. It acts as a 
hydrogen carrier but is not itself oxidised. 

If we take the cytochrome system as an example we see that, the 
substance acted upon first has its hydrogens activated and we may 
call it SHg, in which form it is easily oxidised by the oxidised 
cytochrome. The latter becomes reduced but is .again reoxidised by 
<^^yg6n in the presence of another enzyme, cytochrome oxidase 
(formerly called indophenol oxidase because of the test for it). The 
reaction may be shown thus : — 

Substance to be acted upon 

activated by dehydrogenase, i. e, SHg 
+ 

oxidised ^ reduced „ tr n 

cytochrome cytochrome + ° + ^ 2 ^ 

t I ^ - 

by cytochrome oxidase 

and O 2 • ^ 

The whole subject is admittedly extremely complex and -much 
research on it has yet to be done. 

The Total Gaseous Exchange. — This depends entirely on the 
'needs of the body, and, as pointed out by Haldane, it is important 
to remark that .the 'muscles control respiration just as they do the 
circulation and arrange, largely by virtue of the carbon dioxide ' 
and lactic acid they produce, that their needs are provided for. In 
each instance their requirements may be anticipated by the effect of 
the higher centres, but this is not essential. 

At rest the oxygen intake of an average man is 200-400 c.c._ 
per min., but this varies according to the work done and mahy'other 
factors. (See Basal Metabolism.) 

The Respiratory Quotient. — Tliis is the ratio between the^ 
volume of carbon dioxide given out and the volume of ' oxygen \\ 

- ‘ QQ \\! 

retained, i.e. The amounts of these gases in the expired air 1' 

seen in the following table, which 


and inspired air are 
average figures : — ■ 


gives 



Inspired Air. 

Expired Air, 

Oxygen . 

Nitrogen 

Carbonic acid 

Water vapour 
Temperature • 

20 '96 vols. per cent 
i /9 ,, ,v 

0*04 „ 

variable 

16*03 vols. percent 
79*57 „ 

4*4 „ . „ 

saturated 

that of body (37* C.) 
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It is seen that about 5 _jyoluines„o£~ oxygen have been taken up 
while._4'5.,..vplumes of-carbon dioxide have been given pif. In this 
instance the respiratory quotient is . 0^", Jbut the figure may vary 
somewhat according to circumstance. 

If carbohydrate only is being burnt in the body, e.g. glucose 
(^^ 1206 )’ oxygen taken in appears as carbon dioxide (COg) 

in the expired air, since the carbohydrate itself contains sufficient 
oxygen to oxidise its own hydrogen. The respiratory.quqtient ^ 
therefore-TO. 

. If, however, fat is burnt, e.g. tristearin (OsyHi^oOg), oxygen is 
also necessary to oxidise the hydrogen to water (HjO). Thus the 
amount of oxygen retained becomes relatively larger than that of 
the carbon dioxide expired — and the respiratory quotient becomes 
less than unity. The respiratory quotient may therefore be. used 
to indicate the relative^amdunts' of faf and carbohydrate which are 
, being used as fuel in the body. Protein gives a respiratory quotient 
[ of about 0-82, ie. . between fat (07) and carbohydrate (10), and there- 
fore does not influence the total respiratory quotient appreciably. 

In the above table the nitrogen content of the sample of air is obtained by 
subtracting the amount of O + COq from 100, but for reasons just given the O -fCOo 
expired is not equal to the amount inspired, and the amount of nitrogen expired 
appears larger than that inspired. In more accurate work this is taken account of, 
and the actual amount of oxygen inspired for each 100 c.c. of air expired is found 
79'57 

thus: 20’96x . This divided into the CO 2 expired is known as the c orrected 

respiratory quotient. 

N^/^Oxygen Debt. — ^During severe : exercise it is impossible for an 
individual to take in as much oxygen as is needed for the exercise, 
and^as we have already seen in relation to the chemistry- of muscular 
contraction an oxygen Aebt_is_cpntracted. Lactic^acid^,is_prpduced 
a^djaciates^are„fpnne(^^^^ its action on the bicarbonates. After the 
exercise the debt gets repaid, the lactates * becoming oxidised. This 
shows itself by the increased oxygen consumption which continties 
for a considerable period after the exercise has ceased (see fig. 26, 
p: 42). Thus we see that the facts which have been found in 
relation to isolated muscle apply also to the body as a whole. 

The Effect of Exercise on the Respiratory Quotient. — During severe 
exercise it is found that the respiratory quotient may rise above unity. This is | 
considered to be due to excessive stimulation of the respiratory centre by afferent f 
impulsed and partially to carbon .^dio xide being liberated jSrpmJdie ■ bicarbonate, of I 
4 ^je-blDod-“^^a€tic-acid. When the exercise ceases the respiratory quotient rises | 
abruptly and may even reach 2 as a result of the cessation of the hyperpnoea. 
Gradually, however, the opposite state of affairs occurs. The lactate in the blood 
gradually undergoes oxidation during the recovery and alkali is set free. Carbon 
dioxide is now retained to form bicarbonate so to' maintain the acid-base equilibrium 
of the blood and the respiratory quotient falls below 1. 

Hill, Long, and Lupton have collected the expired air during the exercise and 
the recovei'y peiiod, and it has been found that the respiratory quotient for the total 
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excess metabolism of exercise is exactly unity, a fact which goes to indicate that 
in e^^cise ^rbe^ydrate is the fuel used. In prolonged exercise a fall in this 
reSpiratbry~qudfient suggests the use of fat.- 


Local Oxygen-Want. 


This may occur if there is, obstruction to the blood-supply of or 
venous return from an organ. If due to arterial obstruction or to 
shnple^pxessure, gangrene or death of the ]^t”rapidly 'ensues unless 
collateral circulation is established ; if 'due to venoim gbstructipn, 
the vitality is impaired and, until the blood has found some other 
route of return, marked swelling of the part, as the result of 
increased permeability of the impaired capillaries, is evident. 





General Oxygen-Want. 



Barcroft in describing the methods by which oxygen- want may 
be produced has adopted a homely simile. He compares oxygen- 
want to failure of the milk supply. It may be due to three 
causes; 1. There may not be enough milk at the dairy.- 2. The 
milk may be adulterated so that what is sold is not milk. 3. The 
milkman may not call. In 1, the anoxic type , the blood is normal 
but does not take up sufficient oxygen in the lungs. Usually this 
is due to failure of the respu’atory mechanism. In 2, the anaemic 
type, the blood is deficient in haemoglobin and cannot carry oxygen.'" 
Thm occurs in coal-gas poisoning and in anaemia. In 3, the ^sjag nant 
t ype, there is faulty transport of normal blood which may contain 
the normal amount of oxygen. This variety is due to a failure in 
the circulation. 

Each of these vaileties is met with in patients 'and usually leads 
to breathlessness if the fault is not due primarily to failure of 
the respiratory centre. The treatment of general anoxsemia is, 
however, of great practical importance as the condition rapidly leads 
to tissue destruction and death if allowed to persist. 

One of the most dramatic varieties of oxygen-want is that 
produced when a man descends into a well filled with gas which 
is. not of itself harmful The onset of unconsciousness is sudden 
and without warning, exactly as occurs when the blood-supply to 
the brain is cut off. The breathing of pure nitrogen or any gas 
other than oxygen produces a similar result. In ascent to a high 
altitude the onset of the oxygen-want is more gradual (see below). . 

Breathlessness or Dyspnoea may be produced by one or both 
bf'Hvo causes: — (1) Increase in the stimuli wliich play on the.; 
-respiratory centre, and (2) Increase ,, in 'the irritability of the i 
centre itself. The respiratory centre does not escape the influence 
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of .drugs which exalt or depress the excitability of the medulla. 
Anaesthetics and narcotics depress respiration while analeptics 
stimulate it. 

The ' commonest cause of dyspnoea is exercise, which increases 
the amoirnt of COg in the blood, but increased respiratory activity 
llhe increased heart rate may precede the exercise through the effect 
of the higher centres. In sustained or severe exercise the effect 
of COj is enhanced by the production of lactic acid. If the exercise 
.is prolonged the well-known, phenomenon of seconj. wind occurs. 
I This appears to be in part the result of a more economical use of 
ithe muscles and the lessened production of carbon dioxide since it 
.'has been fmmd that at this stage there is a fall in the alveolar CO.^ 
'By this time-the circulation has also adapted itself to its task. 

It is important to remark that anything which causes delay 
of the circulation also causes increased respiration since it is 
improbable that delay of blood-flow through the brain stimidates 
respiration ; certainly it cannot be produced experimentally. 
Presumably the paralysing effect of the oxygen want on the centres 
more than counteracts, blood tends to accumulate in the lungs, the 
vital capacity is decreased and the exchange of gas in the lungs 
is mechanically interfered .with. This occurs in some forms of 
cardiac disease. ' 

Breathlessness, it will be evident, is brought about by anything 
which reduces the respiratory quality of the blood, such as blood 
loss or the presence of abnormal acids^ or by anything which 
causes faulty oxygenation of blood in the lungs. Whenever there 
is present any pathological state which tends to produce breathless- 
ness, this symptom is increased by exercise. 

The extent, however, to which exercise will produce dyspnoea 
depends on training which makes it possible for the exercise to be 
carried out with greater economy. 


Respiration at High Pressures. 

ErolGnged.exp.osure Jo pressures of oxygen, equal to 1300 to 1400 
mm. of mercury, induces pneumonia, and death rapidly follows. It 
is“‘nbTpossible,' therefore, for men to work in air wMeh is compressed 
to the extent of producing so great a pressui-e of oxygen. 

Caisson Disease . — In work tmder water it is usual to sink an 
iron beU or caisson in which 'the men work and from which the 
water is excluded by pumping air in at a pressure higher than that 
of the water. The men enter through a chamber with double doors 
or “ air-lock.” In this chamber ' the pressure can be raised or 
lowered. The pressure in the caisson rarely exceeds 4 atmospheres, 
which corresponds to about 600 mm. _of oxygen; at this pressure 
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the workers do not . suffer , whilst they .are in the caisson, but grave 
symptoms may develop ’ shortly after they have come out. Similar 
symptoms Se' experienced by divers who' cdihe to the surface from 
great depths. The symptoms may take the form of paralysis. 
.yomiting, severe abdominal pain, which may cause “ bends,” 
vertigo, etcT^'They 'are 'due to the fact that the plasma and" the 
tissue fluids have become saturated with oxygen and nitrogen at 
the pressure of the caisson, and when the pressure is suddenly 
removed, minute bubbles, especially of nitrogen (the oxygen being 
used), form throughout the body and injure such tissues as the 
spi nal cord, or produce blockage of the vessels SKofTTiours are 
necessary for caisson workers,' for then the body has not time to' 
get saturated with air at the caisson pressure, and in all cases 
".decompression” must be gradual and slow; this gradual release 
from pressure is accomplished in the “ air-lock.” L. Hill, who intro- 
duced the method, advocated the use of high oxygen tension in the 
decompression chambers. 

The effects of still higher pressures occur in the escape chambers 
of submarines in deep water, i.e. about 300 feet. At such pressures 
nitrogen becomes an intoxicant (Haldane). 


Ascent to High Altitudes. 

The advent of aircraft and the importance of high flying 
in war led to an increased interest in the subject, and now there 
are established in many places large chambers from which it is 
possible to pump out the air and thus produce, at ground-level, 
a rarefied atmosphere like that at a high altitude. 

A study of the dissociation curve of oxygen at low tensions 
indicates that at high altitudes the blood can take up very little 
oxygen. At the top of . Mount Everest (29,000 feet) where the 
barometric pressure is only 250 mm., although the atmospheric 
oxygen is still. 21 per cent, this only represents a tension of 
about 50 mm., and in the alveoli the oxygen pressure is still less. 
Since the body at rest requires over 250 c.c. of oxygen per min ute, ; 
it is evident that at such heights serious oxygen-want results 
and this is increased hy exercise. Climbers reduce their activity; 
to a minimum and may only have the “energy to sup strawberry' 
jam.” At high altitudes the intense cold and carriage of kit are 
also serious handicaps. 

Mountain sickness occurs in untrained climbers at less than 
10,000 feet. Vomiting may occur; often there are bad.headaches, 
sleeplessnesSj..absence,.of„.selfrrestraint,._reckles5ness, irritability, and 
an inability to carry out the more complex cerebral functions, such 
as arithmetical calculations. The effects, indeed, are very like 

— I - 
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those of drunkensgs.s... Such, cerebral changes have caused intrepid 
ballddnists tcT continue to ascend until they died. The" speed of 
the ascent is important. Thus those who go to the top of Pike’s 
Peak in Colorado (14,000 feet) by rail from the lower country are 
more affected than those 'who 'go by stages. Those who ascend 
slowly show remarkable adaptation. This was - well' seen in the 
Everest expeditions. 

Adaptation to high altitudes consists (1) in increased pulmpnary 
ventilation; (2) increased heart-rate and cardiac output, ^"deficient 
supply of oxygen in the blood stimulates respiration reflexly 
from the carotid and . aorta , and so produces increas ed puhnonary 
ventilation. This increases the tension of oxygen in the alveoli. 

Alveolar oxygen pressure 
which would have existed 
had no adaptation 
taken place. 

100 mm. 

38 „ 

The increased dej}^ of respiration is quite evident in ordinary 
aeroplane ascents. 

(3) The other important method of adaptation is in' the increase 
of co^uscles anc^ hsemoglqhin, and consequently of the* oxygen 
capacity of the blood. _ In consequence the oxygen tension in the 
tissues is increased. - 

Corpuscles per o.m. Oxygen capacity 

^ in millions. 

Sea-level . ' . . . . 4 ’9 

After !• week at 14,000 feet . 5 *4 

,, 2 ,, ,, . 5*75 

,, 3 ,, ,, .5 75 

,, 5 ,, ,, 

It has been observed in animals that, in response to the call 
for oxygen, there is an increased activity of the bone-marrow which 
provides the corpuscles. ■ . • 

(4) - Excretion of Allcali ly the Kidney, — ^As a result of the increased 

breathing there is a reduction of the carbon dioxide in the alveolar 
air and consequently a fall in the carbon dioxide content of the 
blood. This is liable.to cause a reduction in the hydrogen-ion concen- 
tration._oOlie!-blood'and -reduce the . dissociation of, oxy haemoglobin, 
but i^ is compensated for by an excretion of alkali by the kidney 
(see Acid Base Equilibrium). " , - 

It is then evident that considerable adaptation can occur. Indeed, 
in tbe Everest Expedition of .1924 Somervell and Smythe reached 
a height of 28,000 feet without using stored oxygen, a height much 
in excess of what rnight be expected from the dissociation curve. 
Although the climbing was not steep they took ten breaths for 




scale. 

99 

115 

120 

121 

121 


of blood. 

830 C.C. 
870 „ 
1040 
1060 „ 
1088 „ 


Altitude. - 


Sea-level . 
' 15,000 feet 


Observed alveolar 
pressure of oxygen. 


100 mm. 
52 „ 
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each pace ahead. This shows that adaptation was really very 
incomplete. All the evidence from expeditions^ however, indicates 
that man cannot live above 20,000 feet without deterioration shown 
in loss of weight and appetite, enfeeblement of the heart and 
nervous symptoms. Eabbits have been kept in a low pressure 
chamber corresponding to a height of 30,000 feet for 8 days, but 
they all developed serious degeneration of internal organs. Eats 
fed on a low protein diet, e.g. of carrots, show increased resistance 
(Argyll Campbell). 

■ Training . — These facts indicate the importance of training for 
ascent to high altitude and of allowing sufficient time for the 
adaptations to take place. Experiments also indicate that it would 
be possible to train to some extent before commencing the ascent 
and to find out which individuals are most suitable. 

High altitude flying has many problems which- are peculiar, 
for the ascent or descent may be so rapid th at adaptatio n is of little 
xalue, although some individuals can withstand altitude better~than 
others. Compared with the ascent of mountains the essential 
difference is that oxygen is essential at lower levels, 15,000 feet, 
because there is not time for the processes of adaptation to come 
fully into play. Eomigh t flying, oxygen is necessar y at stiU low er 
■les:els_beeause„the-yisuaLpurple,.whiehJs„so„imp,ortant Jor , seeing, 
is particularly. a.ffected_by:pxygen want. 

So-called stratosphere flying, which has the advantage of 
lowered air resistance and higher speeds, has still larger problems, 
for above 42,000 feet when the atmospheric pressure is only 
126 mm. of mercury, the administration of pure oxygen at this 
pressure is insufficient. The aviators have to be enclosed, therefore, 
in air-tight suits or in cabins to which oxygen is supplied at a 
greater pressure than that outside. Similar difficulties occur in 
relation to supplying the aero-engines with oxygen, but these are 
overcome by the use of apparatus to compress the air which is drawn 
in. Special arrangements have also to be made to supply warmth. 
It seems, too, that an; altitude sickness and “ bends ” due to sudden 
decompression and nitrogen release may also occur as in ascent 
from depths. 

The facts are conveniently summarised in fig. 122, p. 260. 

It should be emphasised in all rapid ascents that the administra- 
tion of oxygen is essential above 15,000 feet, a fact which both 
aviators and climbers have been very loth to recognise largely for 
sporting reasons, and equally it has been shown that, provided 
oxygen is given, the human body can be taken as high as the 
aircraft can reach — at present , 54,000 feet. Such heights make 
.Mount Everest seem paltry. In concluding this section it may be 
remarked that flying at very high altitudes has been- made possible 
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Flo. 122.~ Figure showing the chief facts regarding high altitude. The aeroplane altitude record has 
since ^en raised. (By pennission from the Physiological Laboratory of the Air Ministry.) 
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by the accurate and painstaking studies made in physiological 
laboratories in the interest of , pure science and that even the 
stimulus of war has produced little new. 

The Effects of Oxygen Excess. 

^ In view of the importance of oxygen administration . in high 
altitude flying and in respiratory disease, it may he noted that 
60 per cent, oxygen can _be breathed with safety ‘ for indefinite 
periods, but if' pure oxygen is breathed, at over 1 atmosphere 
jig eumonia may occur ; there may be also faintness and con- 
vulsions. It is thought that these symptoms are caused by an 
insufiicient reduction of hsemoglobin at rest to free sufiicient base 
to carry away carbon dioxide, which therefore accumulates in 

’ ‘i '• 

Carhon-Monoxide Poisoning. , 

The fatal effects often produced by this gas (as in accidents from 
burning charcoal stoves in small close rooms, or where thSre is an 
escape of coal-gas) are due to its entering into combination with the 
haemoglobin of the blood-corpuscles, and thus.hindering their oxygen- 
carrying function. In an atmospWe containing both oxygen and 
carbon monoxide, the relative quantities of the two gases which the 
haem oglobin will absorb vary with the partial , pressure of the 
gases? ~TKe7.aflinity of haemoglobin for carbon mpnoxide is,,.howr. 
ever, 250 times that ' for oxygen, and the compound formed — 
carboxyhaemoglobin— is much inore stable than oxyhaemoglobin 
isV If, therefore, any considerable quantity of carbon monoxide 
is present in the air, the haemoglobin will be almost completely 
charged with carbon monoxide, and asphyxia lyill .follow. - If- the 
patient is given pure oxygen. to breatKeTeveh at a late stage, two 
things will happen: — (1) The blood will take up in simple physical 
solution about seven times as much oxygen as when exposed to \ 
air, and this may be sufficient to carry on life; (2) as regards s 
the saturation of the haemoglobin, the balance is now in favour I 

of the oxygen, relatively weak as its affinity for haemoglobin is,' i 

and the carbon monoxide gradually becomes dissociated again and . | 

is excreted by the lungs. In treating a patient so poisoned, there- 
fore, it is important to remove him to a good atmosphere as. j 

soon as possible. In rescue apparatus it is now common to supply i 

_7 per,..cent. carbon.dioxide . with , the , oxygen. . This stimulates the 
failing respiration (Yandell Henderson, Drinker). .. . , , , 
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CHAPTER XX 

. . « THE CHEMICAL COMPOSITION OF THE BODY 

Out of the eighty odd elements which are now known only a relatively 
small number are found in the bodies of the higher animals. Of 
these the most important are; — carbon, nitrogen, oxygen, hydrogen, 
sulphur, phosphorus, sodium, potassium, calcium, magnesium, iron, 
chlorine, iodine, with traces normally of fluorine and occasionally 
of manganese, copper, lead, and silver. Of these, only three are 
found in the free state, viz., in the^J:)lood^.nit^gen and to ^ less 
exten^ oxygen, in^the .intestine traces of hydrogen resulting from' 
fermentative processes. With these exceptions the elements are 
present in combinations as chemical compounds of various types 
which are grouped by convention into — 

(1) Organic compounds, Le. those containing carbon. 

(2) Inorganic, Le, all the rest. 

The naturally occurring organic . compounds are^ grouped into 
carbohydrates, proteins, fats, the sterols — and other unclassified 
substances. 

The Carbohydrates are fmmd chiefly in vegetable tissues, and 
- many of them form important foods. Some carbohydrates are, how- 
ever, "found in or formed by. the animal organism. Among the more 
‘' important carbohydrates are starch, glucose, fructose, and /across. 

They’^are built up in plants from carbon dioxide by the little 
understood process of photo-synthesis {i.e, by the influence of light). 
Such carbohydrates are starch and fructose. The most important 
, carbohydrates which are found in the animal body are glycogen and 
glucose. Glucose is derived from the breakdown of all the various 
carbohydrates in the food and from it are built up by the animal 
body glycogen and lactose. Carbohydrates are so-called because 
their molecule contains two; atoms of hydrogen to one of oxygen, 
like water. As we have already noted, their carbon and hydrogen 
are the chief fuels of the body.: 
l( Chemically the sugars are related to ^e alcohols. 

I' A primary alcohol is'bne'" in VhicK^the^by^^^ group (OH) and 
hoo hydrogen atoms are attached to the same carbon atom ; it there- 
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fore contains the group — OHgOH. Thus the formula -for common 
alcohol (ethyl alcohol) is CHg. CHgOH. ' - 

The next alcohol of the same series (primary propyl alcohol) has 
the formula, OH3 . OHg . CHjOH. 

If a primary alcohol is oxidised, the first oxidation product is 
called an aldehyde ; thus ethyl alcohol yields acetaldehyde : — 

2CH3.CH2OH + 02 = 2CH3.CHO + 2H2O. 

[Ethyl alcohol.] [Acetaldehyde.] 

The t^ical group — OHO of the aldehyde is not stable, hut is 
easily oxidisable to form the group — OOOH (carboxyl), and the 
compound" so’ formed- is an. .acid; in this, .way acetaldehyde forms 

acetic acid. ^ • 

““Tlmrc^prity, of the simple sugars ar e ox ida tion p roducts of more \\ 
Qomple x alco hols than this. Those with aldehyde groups are called Vi 
aldoses. jThe readiness* with which aldehydes are oxidisable renders 
them powerful reducing agents, and readily recognisable, j 

Use is made of this in the FehUng’s and Benedict’s tests for 
sugar in wliich a cupric salt is reduced to cuprous oxide. 

A seeojadary a,lcohol is one in which the hydroxyl group and 
only one hydrogen atom are attached to the same carbon atom ; thus 
secondary propyl alcohol has the formula OH3 . CHOH . CHg. Tts 
typical group is therefore = OHOH. When this is oxidised, thus : — 

2CH3 . CHOH . CHg + 02 = 2CH3 . CO . OH3 + 2H2O. The first 
oxidation product is acetone, which gives the name ketone to all ‘ ' 

substances similarly produced. The only important Icetose, i.e. a,- ^,0.: 
sugar which is an oxidation product of a secondary alcohol, isi; 
fructose. It is to be noted that all keto-bodies contain the typical; 
ketd-group : 00 . They are, as will be seen in relation to metabolism, ‘ 
very important in the oxidation of amino acids and fatty acids., ' 

The alcohols of which we have already spoken, e.g. ethyl alcohol 
(see above) are called mqnohydric, because they contain only one 
OH group. The sugars of physiological interest are derived ff,pm 
tliree hexahydric alcohol s w hich contain six OH groups as indi cated 
helow 7 These alcohols, sorbitol, mannitol,~and Hulcitol are isorn.erid.es. 


1. 


CHoOH 
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CHoOH 

1 
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2. 

a. 
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[Sorbitol.] 

[Glucose.] 

[Mannitol.] 

[Fructose.] 
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♦ 

The reactions of glucose indicate, that it has a ring structure 
and that two forms exist, a and ^8. , . 


H— C— OH HO— C~-H 



Trom a study of the reactions of ring compounds it is indicated 
that the formula should be more properly written thus : — 



-It is possible to construct a model showing the exact position 
of the atoms in their different planes. These facts probably all 
have a bearing on the method by which glucose is broken down 
in the animal. 

Such sugars are known as monosaccliaridGS. ' 

The next important group of sugars is the disaccharides; formed 
by the con densat ion^pf two monosaccharides, with the loss of one mole- 
cule of water: — 0^111206 = CJ2H22OJ1 -{- HgO. If more 
than two monosaccharide molecules undergo a corresponding conden- 
sation, we get polysaccharides : — ^OeH^206 ” (OeHiQOs)^ + ^HgO. 
If boiled with^ dilute acid the condensation is reversed and the 
compound sugars split up into their constituent monpsaccharides. 

Sugars are known to chemists, in which the number of carbon atoms is 3. 4, 5, 
etc. Certain nucleic acids contain a pentose (5 carbon atoms). 
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The chief members of the three groups may be arranged in 
tabular form as follows: — 


1. Monosaccharides, 

OgHijOg, 

2. Disaccharides, 

i 3. Polysaccharides, 

1 

+ Glucose. R. 

- Fructose. R. 

+ Galactose, R. 

+ Sucrose. 

+ Lactose. R. 

+ Maltose. R. 

+ Starch. 

-f Glycogen. 

+ Dextrin. 

— Inulin. 

Cellulose. 


The E’s indicate the reducing sugars, that is, those whose free 
OHO or 00 groups reduce copper solutions. 

The + and — signs in the above list indicate that the substances 
to which they are prefixed are' dextro- and laevo-rotatory respectively 
as regards polarised light. The formulae given in the table are 
merely empirical ; the quantity n in the starch group is large. 

It'^is usual to classify the various sugars according to the 
' nuitnber of carbon atoms they contain. Those' which we have just 
described are hexoses (or d-carbon sugars). Pentoses (5-carbon 
t sugars) .occur _more rarely- in the body, but trioses (3-carbon sugars) 

! are more common as some are breakdown products of the oxidation 
! of glycogen. As they are closely related to glycerol they are 
i discussed later in relation to fats. 

Glucuronic acid is a hexuronic . acid derived from glucose by 
- the oxidation of the primary alcohol group to COOH. It is easily 
formed in the body apparently when there is a demand for the 
excretion of many poisonous substances used in therapeutics, c.g. 
salicylates, morpHne, etc. T he importance of the g lucurongtesA s f" 
that as they reduce Tehling’s7sSiutr^ffieyrmuy7M%i^^^ 
'glucoseumtheur^^ h 

The Polarimetor. 

This instrument is one by means of -which the action of various substances on 
the plane of polarised light can be observed and measured. Most of the _ca rbO:: \ 
hydrates arc dextro-rotatory.- The ..proteins are.laavo-rotatory. 

' There are many varieties of the instrument ; these can be properly studied only m 
the laboratory, but briefly the principles on whieh they are constructed may be g^ven. 

Suppose one is shooting arrows at a fence made up of narrow vertical paliugs ; 
suppose also that die arrows are flat like the laths of a .Venetian blind. If the 
arrows are shot verticaUy they will pass easily through the gaps be^een the 
palings, but if they are shot horizontally they will be unable to pass through at 
nil This rough illustration >vill help us in understanding -what is meant by polansed 
light. Ordinary light is produced by the undulations of the ether cmcurring in all 
directions at right angles to the path of propagation of the wave. Polarised light 

is produced by undulations in one plane only. xt „ ■ ' i,- i 

In a polarimeter, there is at one end of the instrument a Nicol~s-pnsm, wliicn 
is made of Iceland spar. This polarises the light which passes through it? it Js 
called the pplariser. At the other end of tlie instrument is another called the 

12 
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analyser. Between the two is a tube which can be filled with fluid. If the analyser 
is'^parallel to the polariser the light will pass through to the eye of the observer. 
But if the analyser is at right angles to the polariser it is like the flat arrows hitting . 
horizontally the vertical palings of the fence, and, there is darkness. At inter- 
mediate angles there will be intermediate degrees of illumination. 

If the analyser and polariser are paraUel and the intermediate tube filled %vith 
water, the light will pass as usual, because water has no action on the plane of 
polarised light. But if the water contains sugar or some “optically active” 
substance in solution, the plane is twisted in one direction or the other according as 
the substance is dextro- or laevo-rotatory and illumination is reduced. The amount 
of rotation is measured by the number of degrees through which the analyser has to 
be turned in order to obtain the full illumination. This will vary with the length 
of the tube and the strength of the solution. 

Glucose (Dextrose, or Grape Sugar). — This substance has been 
described as “ the current carboh ydrate coin of the body .” It is found 
in many fruits, honey, and in mihiite "^ahtities" in all tissues and 
fluids of the body. It is the form of sugar which is found normally 
in the blood and in the disease diabetes melHtus in the _ urine. 
Glucose exists in nature as such in onions, sweet corn, and unripe 
potatoes in the process of building up starch. It is present also 
in the juices of fruits and plants and is usually"associated with 
fructose. 

Glucose is soluble in hot and cold water and in alcohol. It is 
crystalline, but not so sweet as cane-sugar. il^Tien heated with strong 
alkahs certain complex substances are formed which have a , yellow 
or brown colour. This constitutes Moords test for sugar. In alkahne 
solutions glucose reduces salts of silver, bismuth, mercury, and copper. 

This latter reduction which, as we have said, is due to the CHO 
group, is made use of extensively in testing for sugars. 

On warming a solution of glucose with an alkaline solution of 
picric acid, a dark red opaque solution due to the reduction of picric 
acid to picramic acid is produced. 

Another important property, of glucose is that under the influence 
of yeasts' it is converted into ethyl alc6hol_and, carboni c ac id. 

Glucose may he'" estimated^by^tHe fermentation test, by' the 
polarimeter, and by the use of Fehling’s or similar solutions. (See 
Urine.) 

Fructose (or Lsevulose), — When cane-sugar is treated with 
dilute mineral acids it undergoes a process known as hydrolysis — 
i.e. it. takes up water and is converted into equal parts of glucose 
and fructose. The previously dextro-rotatoi’y solution of cane-sugar 
then becomes laevo-rotatory, the laevo-rotatory power of _the fructose 
being greater than the dextro-rotatory power of the glucose formed. 
Hence the term inversion applied to_ ,this hydrolysis. The same 
hydrolytic change is produced by certain enzymes, such as the 
invertase !of the intestinal juice and of yeast. Pure fructose can 
be orvstallised with difficultv. It gives manv of the reactions of 
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glucose, but may be identified by its Isevo-rotation, and certain 
chemical' tests. 

Galactose is formed by the action of dilute mineral acids or of 
hydrolytic enzymes on lactose. It resembles glucose in its action 
on polarised light, in reducing cupric salts, and in being directly 
fermentable with some yeasts. Wlien oxidised, ;byjmeans of nitric 
acid3t„,yields^a^ai55id, wmcic acid, which is only slightly soluble 
in water. (3-luci)se,--wben-, treated in. this way, yields an isomeric 
acid — i.e. an acid with the same empirical iormula, saccharic acid, 
which -is very soluble in water. 

Cane - Sugar (or Sucrose) is generally distributed in the 
vegetable kingdom, but especially in the juices of the sugar cane, 
beetroot, mallow, and sugar maple. It is a substance of great 
importance as a food. It imdergoes inversion in the alimentary 



Lactosazone. Glucosazone. Maltosazone. 

Fio. 12S. 


canal. It is crysMline, and dextro-rotatory. With Trpmmer’s test 
it gives a blue solution,, but it does not reduce copper solutions 
because in the union,of its two constituent sugars, their aldehydic and 
ketonic groups are no longer functionally active. After hydrolysis- 
the products are strongly reducing. Hydrolysis may be accomplished 
by boiling with dilute mineral acids, or by means of enzymes such 
as those occurring in the intestinal juice. It then takes up water, 
and is split into equimolecular proportions of glucose and fructose 
-f- HgO = CgHiaOe -f CgHisOc). With yeast, cane-sugar is 
first inverted by means of a special enzyme invertase secreted by 
the yeast cells, and then there is an alcoholic fermentation of the 
monosaccharides so' formed, which is accomplished by another enzyme 
called_g y???-a :sc.. . ' . . . 

Lactose (or Milk: Sugar) occurs in milk. It is occasionally 
found in the urine of women in the early days of lactation, or after 
weaning.. It is crystallisable, dextro-rotatory, much less soluble in 
,water.,.than,.other , sugars, and has only a slightly's'weet taste. It 
gives reduction tests, but when tlie reducing power is tested 
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quantitatively by. Fehling’s solution it is found to be a, less 
powerful' reducing agent than glucose, in the proportion of 7 to 10, 
When hydrolysed by agencies similar to those mentioned in connec- 
tion with sucrose, it takes up water and yields glucose and galactose. 
With yeast it is first hydrolysed, and then alcohol is formed ;' 'the 
change, however, occurs much more slowly than with other agents. 

The lactic acid fermentation which occurs when milk turns soiur 
is . brougliOlibut'Tby certain micro-organisms, which are somewhat 
similar to yeast cells. Bacteria in the intestine bring about the 
same result. 

Maltose (or Malt Sugar) is so-called as it is the sugar produced 
by the action of malt diastase in the first stage of brewing. It 
is present in germinating cerea ls-and therefore in malt. It is the 
chief mid-product of the action of malt diastase "on starch, and is 
also formed as an intermediate product in the action of dilute acid 
on the same substance. It is the only sugar formed from starch by 
.the diastatic enzymes contained in the saliva and' pancreatic juice. 
It can be obtained in the form of acicular crystals, and is strongly 
dextro-rotatory. It gives reduction tests; but its reducing power, 
as measured by Behling’s solution, is one-third less than that of 
glucose. By prolonged' boiling with water, or, more readily, by 
boiling with a dilute mineral acid, or by means of a hydrolytic 
enzyme such as occurs in the intestinal juice, it is converted into 
glucose. 

Reaction •with Phenylhydrazine. — The three important 
reducing sugars with which we have . to deal in physiology are 
glucose, lactose, and maltose. They may be distinguished by their 
relative reducing powers on Tehling’s solution, or by the characters 
of their osazones. The osazone is formed in each case by adding 
phenylhydrazine hydrochloride and sodium acetate, and boiling 
the mixture for about half an hour. In each case the osazone is 
deposited in the form of bright canary-coloured, needle-hke crystals, 
usually in bunches, which differ in their crystalline form, melting- 
point, and solubilities (fig. 123). The osazone of glucose is insoluble 
in hot water, but those of maltose and lactose are only deposited 
on cooling. Cane-sugar does not yield an osazone.’ 

Polysaccharides. — The work of Irvine of St Andrews has shown 
that the constitution of the polysaccharides is simpler than was 
formerly considered. Without entering into chemical details he has 
demonstrated that starch, -glycogen, and cellulose have as their 
essential 'units a condensation product of one molecule of glucose 
and one molecule of a disaccharide, e.g. maltose or cellobiose. The 
manner of linking is different in the three carbohydrates. Inulin 
(the polysaccharide of artichokes and dahlia tubers) is formed by 
condensation of fructose molecules. 
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Fio. 124.— Grains of potato 
starch. 


starch is widely diffused through the -vegetable kingdom. 
By far its most important sources are ripe cereals and potatoes, 
but it is present in many unripe fruits before it is converted 
into sugars and in many roots and tubers. It occurs in nature in the 
form of microscopic grains, varying in size and 
appearance, according to their source. Each 
consists of more or less concentric envelopes of 
starch proper or granulose alternating with layers 
of cellulose. Cellnlose_has no nutritive value 
in rnan, b ut star ch is ,an important food. 

Starch forms an opalescent solution in boil- 
ing water, which if concentrated gelatinises on 
cooling. Its most characteristic reaction is the 
blue colour it gives with iodine. On heating starch with mineral 
acids; glucose is formed. By .the action of diastatic enzymes, maltose 
is the cbief end-product. In both cases dextrins are also formed 
intermediately. 

Dextrins are the intermediate products in the hydrolysis of 
starch or glycogen to sugar, and two chief varieties.are distinguished: 
erytTiro-dextrin, which gives a reddish-brown colour with iodine; 
and achroo-dextrin, which does not. 

The dextrins are readily soluble in water, but insoluble in 
alcohol and ether. They are amorphous, dextro-rotatory, and do 
not ferment directly with yeait! TBy‘~hydrolysmg agencies they 
are converted into glucose. 

Glycogen (or Animal Starch) is_fou^ in liver^and.„muscle.. , 
Vlt is also abundant in white blood cqrpus^es.and embrypnic. 

' The auriculo-ventricu lar b undle has” relatively more than the rest of 

the ^.arEI ~ 

/Grlycogen is rapidly broken down to glucose by,glycogenase^_when 
a tissue such as liver is removed from the body. TEis^is prevented 
by throwing it at once into boihng water to destroy the enzyme. 
When the tissue is ground up and extracted the extract after separation 
of the proteins is opalescent because of the glycogen it contains) 

Glycogen is., the..form, .in which„carbohydrate is ..stored i n the 
body. That in the liver is available for general use in the body, 
but that in the muscle is not so readily utilisable but combines 
with phosphoric acid and is converted in various stages to lactic 
acid and eventually to carbon dioxide and water. (See Utilisatira 
of Carbohydrates.) 

Glycogen is a wliite, tasteless non-crystalline powder,_soluble_in 
_water, but it forms, like starch, an opalescent solution. It is insoluble 
in* alcohol and ether. It is dextro-rotatory. With_copper..solutions 
„ it„giyes. no reduction on , boiling. With iodinelt gives a reddish or 
port--^ne colour, very similar to that~given by-erythro-dextrin. 
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; Dextrin may be distinguished from glycogen by (1) tbe fact that 
it gives a clear, not an opalescent, solution with water ; and (2) it is 
not precipitated by basic lead acetate as is glycogen. - It -is; however, 

. precipitated by basic lead acetate and ammonia. ■ (3) Glycogen is pre- 
cipitated by 55 "per cent, of alcohol; the dextrins requme 85- per cent, 
or more. (4) Glycogen is precipitated by satui’ation with ammonium . 
sulphate ; erythro-dextrin is only partially precipitable by this means. 

Cellulose.-^This is the material which with other carbohydrates 
(lignin, etc.) makes up the cell-waUs and woody fibres of plants. By 
treatment ^mth strong mineral acids it is, Hke starch, converted 
into glucose,. blit with much greater difficulty. The various digestive_ 
enzymes have little-on.no-action..on-cellulose ; hence--the necessity of 
boiling-starch.before ,it_isJtaken-asJo6d._ Boiling bursts' the cellulose 
envelopes of the starch grains, and so alloY?s the, digestive, juices to get 
at Jhe starch proper. Cellulose is found in a few animals, as in the 
j outer investment of the Tunicates. Its chief importance in relation 
I to man is_that it constitutes the indigestible bulk of the food which 
! is important in regard to the' movements of the alimentary canal, 
j Inositol or Inosite occurs in muscle, also in smaller quantities 
in other animal organs (liver, kidney, etc.), and in plants it is a fairly 
constant constituent of roots and leaves, especiaUy growing leaves.. 
It has the same empirical formula as the simple sugars (06Hi20g), 
but it has none of the other properties of these substances. 

The Fats ob Simple Lipides. 

Pat is found in small quantities in many animal tissues. It is 
fotmd in large quantities in three situations, viz., ^marrow, adipose. 
tiss^jBndjnammary gl and, especially during lactationT^The contents 
oF^e fat cells of'adipose tissue are fluid during hfe, the normal 
temperature of the body (37° 0., or 99° F.) being considerably above 
the melting-point (25° C.) of the mix ture of the fats found there. 
The plant world has,- however, become an important source of fats 
for man from which margarines are partly made. Thus we have 
oil from the palm, soya bean, cotton seed, various nuts and from 
the olive. The latter is largely used in cooking in Italy. As we 
shall see later, the fats, in addition to being used as fuel, are an 
important vehicle for vitaniins A, D , and^g. 

The chief "fats laire three in~ number, and are called palmitin, 
stearin ol ein. They differ from one another in chemical com- 
position "ancT in certain physical characters, such as melting-point 
and solubility. Mixed triglycerides also occur. Olein melts at 
— 5° 0., palmitin at 45° 0., and stearin at 53-65° 0. It is th us olei n 
wliich holds the other two dissolved at body temperature. Fats are 
all soluble' in'" hot- alcohol," ether, “'and chlbrdfdi’m',' but insoluble 
in water. 
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Chemical Constitution of the Fats. — esters.,. of . fatty | 
^cicls ..j vith.. glycerol. The acids concerned form a series of acids 1 
derived from monohydric alcohols by oxidation. Thus, to take 

ordinary ethyl alcohol, OgHg . OH, the first stage in oxidation is the 
formation of acetaldehyde," CHg . OHO ; on further oxidation acetic 
acid, . COOH, is produced. 

A similar acid can he obtained from all the other alcohols, thus : 


From methyl alcohol 
ethyl 
propyl 
butyl 
„ amyl 
„ hexyl 


CH3.OH, formic acid H.COOH'is obtained. 
C2H5.OH, acetic CH3.COOH "" ,, 

C3H7.OH, propionic „ C2H5.COOH „ 

,G4H9.0H, butyric „ C3Hf.COOH „ 

G5H11.OH, valeric „ C4H9.COOH „ 

CeHi3.0H, caproic „ CcHn.COOH „ 


The sixteenth acid of this series, palmitic acid, has the formula V 
C15H31.OOOH; the eighteenth has the formula CjyHjj.COOH, andj! 
is stearic - acid. Note the small amount of oxygen relative tor 
the hydrogen and compare the carbohydrates. 

Oleic acid, however, is not' a member of this series, but belongs 
to a somewhat similar series kno'\yn as the acrylic aeries. It is the 
eighteenth member of the series, and its formula is OnHss . COOH. 

The first member of the group of alcohols from which this acrylic series of 
acids is obtained is called allyl alcohol (CH^ : CH . CH2OH) ; the corresponding 
aldehyde acrolein (CH2 : CH . CHO) ; the formula for tbe acid (acrylic acid) is 
CHg : CH . COOH. It win be noticed that two of the carbon atoms are united by 
a double bond, and these substances are therefore unsaturated ; they are unstable and 
are prone to undergo, by uniting with another element, a conversion into substances 
in'which the carbon atoms are united by only one bond. This accounts for tlieir 
reducing action, and it is owing to tliis that the colour reactions with osmic acid 
and Sudan III (red coloration) are due. Fat which contains any member of the 
acrylic series, such as oleic acid, blackens osmic acid (OSO4), by reducing it to a 
lower (black) oxide, probably in hydrated form. The fats paimitin and stearin 
containing no double bond do not give these reactions. 


Gl ycero ljorjSlycerine is_a triiydric alcohol, 03115^11)3 — z.e. three 
hj^droxyl groups united* to a radical glyceryl The hydrogen 

in the hydroxyl groups is' replaceable by organic radicals. As an 
example, the radical of acetic acid the acetyl group (OH3. CO — ) may 
be taken. The following formulae represent the derivatives that can 
be obtained by replacing one, two, or all three, hydroxyl hydrogen 
atoms in. this way: 


CH2.OH 

CH.OH 

(1h2.oh 

[Glycerol.] 


CHo.OH 

CH.OH 

c!ho.o.oc.ch3 

[Monoacetin.] 


CHg.OH 

CH.0.0C.CH3 

cH2-o.oc.cH3 

[Diacetin.] 


CHo.O.OC^CHj 

in.o.oc.CHj 

^Ho.O.OC.CHs' 


[Triacetin.] 


Triacetin is a type of a neutral fat; stearin, palmtin, and plein 
ought more properly to be called iriatearin, irypalmitin, and ' triolein 
respectively. 
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When oxidised, glycerol gives rise to two important trioses 
(3-carbon sugars), glyceric aldehyde (an aldose) and dihydroxyaeetone 
(a ketose). They are also related to other important substances 
as indicated by their formulae. 


CH 20 H 

1 

-CHoOH 

1 

CH^OH 

CHoOH 

1 

CHOH 

CHOH 

c! = 0 

CHOH 

1 

1 

CH^OH 

[Glycerol.] 

1 

CHO 

[Glyceric aldoliyde.] 
(Glycerose.) 

1 

CH 2 OH 

[Dihy^oxy- 

acetone.] 

COOH 

[Glyceric acid.] 

CH. 

CHo 

cu. 


1 

CHOH 

c! = 0 

1 

c = o 


1 

COOH 

[Lactic acid.] 

j 

CHO 

[Methyl-glycerol.] 

1 

COOH 

[pyruvic acid.] 



Many of these substances are also breakdown products of 
glycogen. 

Decomposition Products of the Pats. — Under the influence 
of superheated steam, mineral acids, and in the body by means 
of certain enzymes (for instance, the fat-splitting enzyme lipase 
of the pancreatic juice), a fat combines with water and splits 
into glycerol and the fatty acid. The following equation repre- 
sents what occurs in' a fat, taking tripalmitin as an example: — 

CHa.p.OC.CiiiHsi ' CH2.OH 

CH.O.OC.CjcHj, + 3H.OH = in.OH + SC^HjjCO.OH 

CHs.O.OC.CisHji djHg.OH 

r [Tripalmitin.] [Water.] [Glycerol.] [Palmitic acid.] 

In the process of saponification much the same sort of reaction 
pccurs, the final products being glycerol and a compound. of the alkali.. 
- used . with the fatty acid ; this, is. called a so ap. Suppose, for instance, 
that potassium hydrate is used, the following reaction occurs : — 

C3H,(O.Cj5H3jCO) 3 + 3KOH = C3H3(OH)3 + Sq^HgjCO.OK. 

[Tripalmitin— a ftit.] [Glycerol.] [Potassium palmitate— 

a soap.] 

The amount of KOH in milligrammes necessary to produce 
a soap from one gram of fat is known as the saponification^value 
of a fat and gives the mean molecular weight of the fatty" acids 
it contains. The higher the saponification value the more fatty 
aci^s of low molecular weight the fat contains. 

All natural fats, con tain-Some fatty acids which are unsaturated, 
and whiehi therefore, take up the halogens easily. The number 
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•'.of m^igrammM of iodine taken, up by;,a_,gram.of.-fat is-known as 
I its 'J odiaU JualSiZ "TKis ^ves an idea of tKe reacti'vdty of the fats 
' and is of value in recognising an imkno'wn fat. Butter has an 
iodine value of 25-50, while most vegetable oils have a value of over 
100, e.g. cotton-se^ oil 144-168. Some of the unsaturated fats, e.g. 
olein, can be caused, under suitable conditions, to take up hydrogen 
which may make them more palatable. This process of hydrogen- 
ation is used in the making of margarine. 

Fats tend to become rancid if kept in a hot moist atmosphere. 
A partial hydrolysis occurs leading to the liberation of fatty acids, 
some of which, like the butyric of butter, may be volatile and smell. 

Oxidation of fats also occurs and is well seen in the tough skin 
which appears on oil paint. 

Emulsification. — ^Another change that fats undergo in the body 
is very different from saponification. It is a physical,.not_a chemical; 
change; the fat is broken up into very small globules, such .as are.: 
seen in the natural emulsion — milk. ' 


The Sterols. 


The sterols with other substances which, like the fats, are soluble 
in ether and alcohol, used to be included under the general term 
“ lipoid,” but this term has now been given up. 

They are found mixed with fat in the ether-alcohol extract of 
tissues and organs, bu-t are non-sanonifia ble. They .„ar.e_.specially 
abundant in nervous'^ssues T theiTFan be separated by what is 
called“seleetiye" extraction. 

The'' 'sfeT’ioZr are alcohols of a high molecular weight with a 
complicated ring structure. _ Thus : 


CH3 


CH,Cn 


/\ 

D 1 


B 


OH' 


The rings are composed of 0, CH, or CH 3 groups, but C„ is very 
variable. ji 

Amongst the sterols are now known to be not only chole^erolj l 
but ergosterpl,, the .bile, ..acids, , vitamin ..D,. and the sex hormones. 
Many carc.inogens {i.e. substances which applied to the skin produce 'j I 
a cancerous overgrowth of the epithelium) are also sterols. i 
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^ f 

f . Cholesterol is found in .- small quantities in all forms of 
protoplasm. It is a specially abundant constituent of nervous 

tissues, it is found in small quantities 
in the bile, but it may occtu’ there in 
excess and form the concretions Icnown 
as.^gallrstones' It occurs in egg_yqlk, 
liver, suprarenal, kidney, and in animalj 
fats generally.- ' 

It is a • nionohydric unsaturated 
alcohol with the empirical formula 
. OH. "The alcohol belongs to 
the terpene series, which are foimd as 
excretory products of plant life.’ . 

Cholesterol is now believed to be not 
merely a waste product of metabohsm, 
but to exert an importai^ jprqtec^'e 
i nfluence bh ihe body^cells against the 
entrance of certain poispns. One"of"the poisons contained in cobra 
venom 'drssblves red blood-corpuscles ; the presence of cholesterol 
in the envelope of the blood-corpuscles to some extent hinders this 
action, and it has been stated that the administration of cholesterol 
increases the resistance of the animal provided the unsaturated 
linkage is intact.* 

An ester of cholesterol is lanolin or wool-fat. A similar 
substance is found in the fatty secretion (sebmn) of human skin. 

t^$rom-alcohol or ether containing water, cholesterol crystallises 
in the form of rhombic plates, which contain one molecule of water 
of crystallisation: (^hese are easily recognised under the microscope 
.(fig. ,125) and their edges turn red wit h su lphuric acid/" ->'■ 

ISrgosterql.— This sterol derives its name from its having first 
> ..\been derived from ergot of rye. It is usually prepared from' yeast, 
d f it has the same ring” structure as cholesterol, but contains tlnee ■ 

* double bonds and a methyl group. It ha s the extremel y important! I 
prop erty of being con verted into vitamin_H_by_ ultra- vmlet hght.i 
IFwas firsFthoughF that the light’ acted upon the cholesterbr’of the V' 
plants but the irradiation of pure cholesterol did not give the vitamin. ' 
Many years before, however, it had been found by Eosenheim when 
studying the chemistry of nerve tissues with Halliburton that ergo- 
sterol was a common impurity in cholesterol and . this was shown to 
be activated. This transformation may be brought about in food- 
stuffs whose vitamin has been destroyed by heat, and it is believed 
that the ergosterol of the skin is normally activated in this way and 
passes into the circulation, where it plays an important part in the 

• The blood cholesterol is increased by giving uracil to counteract overaction of 
the thyroid. 




THE LIPINS 


OH. XX.] 


275 


absorption of calcium from tlie intestine and its deposition in the 
bones (see vitamin D). 

Calciferol, or . pure vitamin D, has now been synthesised and 
shown to be an is omer, o f .ergosterol. 

The Lipins oe Compound Lipides. 

These, are substances having the general composition '..and 1 
properties of fat, but containing in "addition phosphoric acid and 
choli ne' dr ‘occasionally amino-ethyl alcohol. Much the most j 
ircq^rtant of these are the Lecithins, which are now considered to he 
..possibly a stage in the metabolism of fat. They,.are,found,.in all 
animal and vegetable cells, are intimately associated with life pro- 
cesses,' and probably have an important functi on in the membranes 
of cells. The endothelium lining blood-vessels and the envelopes’ of 
blood- corpuscles are especially rich in lecitliins. Liver and blood 
•contain about 2 per cent, but egg yolk about 10 per cent. A lecithin 
has the appearance of a soft fat, 'soluble in the usual fat ’solvents but 
is precipitated by acetone. They make slimy colloidal emulsions 
in water in which they can be spread in a monomolecular him. 

The fatty acid ratLcals are united to glycerol as in an ordinary 
fat, the place of the third fatty acid being taken by the radical of 
the polybasic phosphoric acid, which in its turn is united in an ester- 
like manner to the choline. Because they contain phosphorus they 
have also been called phosphatides. Lecithins from different sources 
yield, when hydrolysedr varying proportions of fatty acids. 

In general structure a lecithin looks like a simple fat plus choline. 
Thus egg-yolk lecithin is : — 

^stearic acid 

Glycer ol^ oleic acid 

\ 

\phosplionc acid 

\ 

choline 

The enzyme lipase liberates the aliphatic acids and another, 
phosphatase, the phosphoric acid. In some (e.y. liver) lecithins, 
palmitic acid replaces those given. Choline has considerable 
physiological activity, but still more has its derivative acetyl-choline, 
which is liberated at nerve-endings. It has already been referred to 
in relation to the humoral transmission of nerve impulses, and 
its detailed action is given in a separate section (see Acetyl-choline). 

Other phosphatides are kephalin and sphingomyelin ■ and the galactoside, 
protagon, which are abundant in nerve tissues and which differ slightly from 
lecithin. Closely associated are the cerebrosides of Hie myelin sheaths of nerves. 
.Kephalin is thought to be important in blood-clotting. 
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Osmic Acid Reaction.— In virtue of their unsaturated fatty acid radicals most 
fats are blackened readily by this reagent, but the galactosides and cholesterol are 
not The reaction to this reagent of healthy and degenerated nerve-fibres has 
already been described. . ^ ^ 
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PROTEINS. 

The proteins are the most- important substances which occur 
a animal and vegetable organisms, and'jjnjein metalolism is, as 
Iready noted, the most characteristic sign of life. They are highly 
omplex compounds of carbon, hydrogen, oxygen, nitrogen, and 
ulphur,* with at times phosphorus, occurring in a viscous condition 
T m pseudo-solution in nearly all parts of- the body. 

The proteins in the food form the source of the proteins in the 
)ody tissue^s; hut the latter are usually different in composition from 
he former.' The food proteins in the process of digestion are broken 
lown into simpler substances, the amino-acids, and it is from these 
hat the body cells reconstruct the proteins peculiar to themselves. 


CiiAssmcATiON OF Peoteins. , 


The knowledge of the chemistry of the proteins, which is slowly 
progressing, will, no doubt, in time enable us to give a classification 
of these substances on a strictly chemical basis. The following 
classification must he regarded as a provisional one, which, while it 
retains the old familiar names as far as possible, yet attempts also 
to incorporate some of the new ideas. 

The classes of animal proteins, then, beginning with the simplest, 
are as follows : — 


1. Protamines. 

2. Histones. 

3. Albumins. 

4. Globulins. 

6. Selero-proteins. 


6. Phospho-proteins. 

7. Conjugated proteins. 

i. Chromo-proteins. 

ii. ’ Gluco-proteins. 

iii. Hucleo-proteins. 


There are in addition two important groups of simple proteins 
in plants, Gliadins and Glutenins. - 


1. The Protamines. 

These substances are obtainable from the heads of the spermatozoa 
of certain fishes, where they occur in combination 'with nuclein. 
Kossel’s" view' that they_ar^ the^simplest proteins i n nature has met 
with general acceptance, and they give"sucTrt3^ical protein reactions 
as the biuret (Pose’s or Piotrowski’s) reaction. On hydrolytic 
decomposition they first yield substances of smaller molecular weight 
* The simplest proteins, protamines ^ are, however, free from sulphur. 
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analogous to the peptones which are called protones, and then they 
split up into amino-acids. The ‘nnmher of resulting' amino-acids is f 
small as compared with other proteins, hence the hypothesis that ; 
they are^ simple proteins is confirmed. Notable among their \ 
•decomposition products are the diamino-acids or hexone bases, 
especially arginine. The protamines differ in their composition 
according to their source, and yield these products in different 
proportions. Protamines do not. contain sulphur. 


2. The Histones. 

These are substances which have been separated from blood-i 
corpuscles ; the protein constituent of haemoglobin, is a well-1 

marked instancer They yield a larger number of amino-compounds ' 
than do the protamines, but diamino-acids are still relatively 
abundant. They are coagulable ,by,heat,.soluble in dilute acids, and 
precipitable .from such solutions by ammonia. The precipitabiiity 1’ 
by ammonia is a property possessed by no other protein group.' • 


3. The Albmnins. 

These are typical proteins, and yield the majority of the cleavage 
products enumerated later.. 

' They enter into co lloidal sol ution, in water, in dilute saline solu- 
tion^ and in saturate solutions of sodium chloride and magn'esium 
sulphate. They are, however, precipitated by saturating their 
. solutions with ammonium sulphate. Their solutions are coagulated 
by heat, usually at 70-73° G. Serum , albumin, egg_albumin,..and| 
lact-albumin are instances. 


4. The Globulins. 

The globuhns give the same general tests as the albumins ; they 
are coagulated by heat, but differ from the albumins mainly in their 
solubilities. 

~Grlobulins are more readily salted out than albumins; they 
may therefore be precipitated, and thus separated from the albumins 
by saturation with such salts as sodium chloride, or better magnesium 
sulphate, or by halLsatura tion with ammonium sulp h a te. ' 

The typical globulins,.are„also„insoluble in jwater, and so may be 
precipitated by removing the salt which 'keeps them in solution. 
This may be accomplished by dialysis. Their temperature of heat- 
coagulation varies considerably. The following are the commoner ^ 
globulins : — fibrinogen and serum globulin in blood, egg globuhn 
in white of egg, paramyosinogen in muscle, and crystallin in the|, 
crystalline lens. We must also include under the same heading | 
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f certain proteins 'which are the result of coagulation of globulins, 
t such as .fibrin (see Blood) and myosin (see Muscle). i 

The'niost striking cBstincti'oh'''between globidins and albumins 
is that the former on hydrolysis yield glycine, whereas tho'albumins 
have only a trace. 


6. The Sclero-proteins. 

These substances form a heterogeneous group of substances 
j which were formerly termed albuminous. The prefix sclero- indicates 
■ the skeletal origin and often_ jn8olu ble_nature of the members of the 
I group." The principal, proteins of "this class are: — 

Collagen, the substance of which the white fibres of connective 
tissue are composed. Some observers regard it as the anhydride of 
gelatin. In bone it is often calle d ossein. 

Gelatin, — ^This' substance is produced by b oiling collagen •with 
■^ter.. It possesses the peculiar property of setting into a jelly when ' 
a solution made with hot water cools. Gelatin differs from a protein 
in not having the amino-acids,- tryptophane, tyrosine, and cystine. 

Blastin. — ^This is the substance of which the yellow or elastic 
fibres of connective- tissue are composed. It is a very iiisolnble 
ma teri al. The sarcolemma of muscle-fibres and certain basement 
membranes are very similar. 

Keratin, or horny material, is the substance found in the surface 
layera of the epidermis, in hairs, nails, hoofs, and horns. It is very 
insohiblerand ' chiefly' differs from most other -protei n s i n its high 
perc entage of "sulphur. A similar substance, called neuroT ceratin, is 
found in neuroglia and' nerve-fibres. In this connection it is interest- 
ing to note that the epidermis and the nervous system are both 
formed from the same, layer of the embryo — the ectoderm. 


6. Tlie Phospho-proteins, 

Yit ellin (from egg-yolk), . caseinpgen, the principal -proteia of 
milk, and casein, the result of the action of the rennet-enzyme 
on caseinogen (see Milk), are the chief members of this group. . 
A Among their decomposition products is a considerable quantity of 
V phosphoric a<?.id. They have been frequently confused with the 
nucieo-proteins, but they do not yield 'the products (purine an^, 
other bases) which are characteristic of nucleo-compounds. The'^,^ 
phosphorus is contained, ..within,. the.„protein -molecule, and not in •( 
another molecular 'group united to the protein, as is the case in the 
nucieo-proteins. The phospho-proteins are specially valuable for the 
growth of young and embryonic animals. Many other proteins, such 
as serum-globulin, contain traces of phosphorus. 
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7. The Conjugated Proteins. 

These are compounds in which the j)rpte^hi paolecule is united to 
other orga nic ma terials, which are as a rule also of complex nature . 
This second constituent of the compound is usually "termed a 
frosthetic group. They may he divided into the following sub- 
classes : — 

i. Chromo-proteins. — These are compounds of protein with a 
pigment, which usually contains iron. They are exemplified by 
-ha gnioglobin and its allies, which will he fully considered under Blood. 

ii. duco-proteins. — These are compounds of protein w ith a 

carb ohydrate group. This class includes th e mucins arn’t ^Tumcoids. 

'~T}Se '''Wu,ctns are widely distributed and may occur in epithelial 
cells, or he secreted by goblet cells of glands or on epithelial surfaces. 
The mucins obtained from different sources are alike in being viscid.; 
and tenacious, so]uhle_-in-~dilute.„alkalis such as. lLme-w;ater, andi 
precipita^ble from solution by acetic acid. 

The 'mucoids differ from the mucins in minor details. The term 
is applied to the mucin-like s ubstances which fo. rm the chief con- 
stituent of the^grqu nd s ubstance of cdiineetive tissues (tendo-mucoid, 
chondfo-ihucdid, etc.). Another~^vu^mueoid) is found in white of 
egg, and others (pseudo-mucin and para-mucin) are occasionally found 
in dropsical effusions, and in the fluid of ovarian cysts. 

iii. Nucleo-proteins. — ^These are compounds of protein with a,, 
complex organic acid calle d nucleic acid, which contain s pho spho rus, : 
They are found in both tST nuclei and cytoplasm of cells. In ■ 
physical character they often simulate mucin. ' 

Nuclein is the name given to the chief constituent of cell-nuclei. 

It is identical with the chro matin of histologi^ , ' 

On decomposition it^ yields an organic acid called nucleic acid,’[. 
together with a variable but usually small amount of protein. It^j 
contains a high percentage (10-11) of phosphorus. 

The nuclein obtained from the nuclei or heads of the spermatozoa 
consists of nucleic acid without any protein admixture, but there 
are differences in different animals in the chemical composition of 
their spermatozoa. ' 

The nucleo-proteins of cell protoplccsm are compounds of nucleic 
acid with a much larger quantity of protein, so that they usually 
contain only 1 per cent, or less of phosphorus. Some also conta in 
iron , and the normal supply of iron to the body is contained in 
the nucleo-proteins or hcematogens (Bunge) of plant or animal 
cells. . } 

Nucleic acid yields, among its decomposition products, phosp horic I . 
acid. variou s bases of the purine .and p^imidine groups, and- a | 

. carbohydrafe“fadical. * 
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The imcleic acids obtained from various Tina-nrT ma.ba.Ti organs 
indicate that they fall into two main classes ; — 

(1) NucUib acid proper. — ^This yields on decomposition — 

(a.) Phosphoric acid. (5) A sugar. ; 

(c) Two members of the purine group in the same proportion, 

namely. .. adenine and guanine. 

(d) Two p^imidine bases, cytosine and thymine (yeast 

nucleic acid yields nracil). 

The purine lases are specially interesting because of their close 
relationship to uric acid, and we shall have to deal with them again • 
in our description. of that substance. 

(2) Guanylic and adenyli c aci d. — ^These acids are found mixed 
with the nucleic acid proper. They are mononucleblides consisting 
of guanine, ribose, and phosphoric acid and adenine, ribose, and 
phosphoric acid respectively. Eibose is a pentose. 

The Properties of Proteins. 

Solubilities. — The proteins are insoluble* in alcohol and 
ethe r. Some are soluble in water (see Gollqidal~Bolution)\ others 
are insoluble. Many of the latter are soluble in weak saline 
solutions. Some are insoluble, others soluble in concentrated 
saline solutions. 

Heat Coagulation. — Most native proteins, such as white of egg, 
are rendered insoluble when their solutions are heated. The tempera- 
ture of heat coagulation difFers-in different proteins ; thus myosinogen 
and fibrinogen coagulate' at 56° C., serum albumin and serum globulin 
at about 75° C. The proteins which are coagulated by heat come 
mainly under two classes : the albumins and the globulins. These 
differ in solubility; fee album ins ..are, soluble in distilled water, the 

true globulins require salts to hold them in solution. 

• Indiffusibility. — ^The proteins (peptones excepted) belong to the 
class of substances called colloids by Thomas Graham ; that is, they 
pass -with difficulty, or not at all, through animal membranes. 
Ih 'fee construction of dialysers, vegetable parchment is largely 
used. Proteins may thus be separated from diffusible {crystalloid) 
substances such as salts, but the process is a tedious .one. 

This is a pafeicularly important property, since by attracting 
water they localise fluids in special parts of fee body, e.g. fee 
blood-vessels. 

Crystallisation, — ^Haemoglobin, the red pigment of the blood, 
is a protein and is crystallisable (for further details, see The Blood). 
Like other proteins it has a large molecule; though crystalline, 

* The gliadins are exceptions in being soluble. 
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it is not crystalloid in Graham’s "^sense of that term. Further, 
egg albumin and some other proteins have been cr3’’stallised by 
treatment with inorganic salts. 

Action on Polarised light. — M ost,.prQte i n 3 are Isevo-rota tory. 
the amount of rotation varying with Inmviduar proteins. ' Several 
of the conjugated proteins, e.g. hsemoglobin and nucleo-proteins, are 
dextro-rotatory, though their protein components are Isevo-rotatory 
(Gamgee). 

Colour Reactions. — The . principal colour reactions by which 
proteins are recogrdsed are the following; — 

(1) The Xantho-jproteic reaction. If nitric acid is added to a 
solution of a protein such as white of egg, the result is a white 
precipitate; this and the surrounding liquid become yellow on 
heating and are turned orange by ammonia. The preliminary 
white precipitate is not given by certain proteins such as peptones ; 
but the coloiirs are the same. The colour is due to the formation 
of nitxo-derivatives of the aromatic radical of the protein molecule, 
i.c. tyrosine, tryptophane, and phenylalanine, 

(2) Millon’s reaction. Millon’s reagent is a mixture of mercuric 
and mercurous nitrate with excess of nitric acid. This gives a 
white precipitate which is turned brick-red on boiling. This reaction 
depends on the presence of the tyr osine radical and therefore is not 
given by gelatin. 

(3) Biuret reaction {Bose’s or Piotrowski’ s). A trace of copper 
sulphate and excess of strong caustic potash give with most proteins 
a violet solution. Proteoses-and^peptones, Jb.pweyer, give a rose-red 
colour instead ; this same colour is given by the "suhstahc'e" called 
biuret. This name does not imply that biuret is present in protein, 
but is used because both protein and biuret give the reaction. The 
native proteins give a violet colour, because the red tint of the 
copper compound with the biuret group is mixed with 'another 
copper compound with a blue colour. The test is given by poly- 
pep tides_ but imt b y dipept ides or_amino-acids: It depends” therefore, 
on the presence of two NH.OO groups linked to a carbon on to a 
nitrogen atom. 

Biuret is formed by heating solid urea ; ammonia passes off and leaves biuret, 
thus — ' 

2CON2H4 = C2O2N3H5 + NH3. 

[Urea.] [Biuret] [Ammonia.] 

(4) Adamkiewicz reaction. IVhen a solution of protein is mixed 
with a dilute solution of glyoxylic acid, and then excess of commercial 

■ sulphuric acid is added, an intense violet colour is obtained.. This 
is due to the tryptophan radical, A similar test is that of Bosenheim 
in which dilute formaldehyde replaces the glyoxylic acid. 
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Precipitants of ' Proteins. — Solutions of - most proteins ■ are 
precipitated by : — 

. Strong jLcids such as nitric acid ; picric acid ; acetic acid and 
potassium *^*ferrocyanide ; acetic acid and excess of a neutral 
salt such as sodium sulphate, when these are boiled with the 
protein solution; salts_j)f_ the h^vy* metals such as copper 
sulphate, mercuric chloride, lead acetate, hilver nitrate, etc.; 
tannin; ^Icpholj saturation— with, .certain neutral .salts such as 
ammonium . sulphate. 

It is necessary that the words coagulation and •precvpitation 
should in connection with. .proteins be carefully distinguished. The 
term coagulation is used when an insoluble protein (coagu- 
lated .protein) is formed from a soluble one. This may occur: 
(1) When a protein is heated — heat coagulation; (2) under the 
influence of an enzyme; for instance, when a curd is formed in 
milk by rennet or a clot in shed blood by the fibrin ferment — enzyme 
coagulation ; (3) under the influence of strong acids. 

In precipitation the precipitate formed is' readily soluble in 
suitable reagents such as saline solutions, and the protein continues 
to show its typical reactions.. This is called salting out.”* The 
difference between globulins and albumins in this respect is discussed 
further on p. 320. 

The precipitate produced by alcohol is peculiar in that after a 
time it becomes a coagulum. Protein freshly- precipitated by 
alcohol is readily soluble in water or saline media ; but after it has 
been allowed to stand some time under alcohol it becomes more and 
more insoluble. - Such a change in the nature of the protein is 
called den^uration. Albumins and globulins are most readily ' 
rendered insoluble by this method; proteoses and peptones are never 
rendered insoluble by the action of alcohol. This fact is of value 
in the separation of these proteins from others. It is suggested that 
denaturation is really due to a deformation of the protein molecule 
from a complicated form (see p. 289) to a straight chain, since the 
spreading of the protein on a very thin film causes this change. The 
change in egg-white when it is beaten up with air may be of tliis 
nature. 


Protein-hydrolysis. 

When protein material is subjected to hydrolysis, as it is when 
heated with mineral acid, or alkalis, or superheated steam, or to the 
action of such enzymes as trypsin in the alimentary canal, it is 
'finally resolved into the numerous amino-acids of which it is 
built. But before this ultimate stage is reached, it is split into 

* Other colloids (starch, glycogen, soaps, etc.) can be similarly “salted out” 
of solution. 
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substances of progressively diminishing molecular size, which still 
retain many of the protein characters. The products may be classified 
in order of formation as follows : — 

1. Meta-proteins. 

- 2. Proteoses. 

3. Peptones. 

4. Polypeptides. 

6. Amino-acids. 

The polypeptides are linkages of more than three amino-acids, as 
already explained. Although most of the polypeptides at present 
known are products of laboratory synthesis, many have been 
definitely separated from the digestion products of proteins. 

Products of Partial Hydrolysis. 

1. Acid and Alkali Metaprotfeini. — Thes e., are . insoluble . in. piu'o 
■^terv-but are soluble in either acid or alkali, and are precipitated 
by neutralisation unless certain disturbing influences like sodium 
phosphate are present. They are precipitated like globulins by 
saturation with such neutral salts as sodium chloride or magnesium- 
sulphate. They are not coagulated by heat if in solution. 

2. Proteoses. — The word “proteose” includes the albumoses 
(from albumin), globuloses (from globulin), vitelloses (from vitellin), 
etc. Similar substances are also formed from gelatin (gelatinoses) 
and elastin (elastoses). They are . nat- coagulat ed by heat; they are 
precipitated but not coagulated by alcohol : like 'peptone, they give 
the pink biuret reaction. They are p recipitated by nitric .acid,. 
‘precipitate being soluble on heating, and, reappearing when the liqu'id 
coo/s.' This'last' is a distinctiye property of proteoses. They are 
slightly diffusible. 

The primary proteoses, which are those formed first, are pre-i? 
cipitated by saturation with magnesium sulphate or sodium chloride. | 
Secondary proteose is not; it is, however, precipitated by saturation', 
with ammonium sulphate. j 

3. Peptones. — These are solubloj-in -. water , a^ not... coagulated 
by heat, and are not precipitated by nitricjacid, _copper. sulphate, ' 
ammonium sulpKaterand' aliuM of other precipifcints of proteins. 
Tliey~are"pfecipitat'ed but not coagulated by alcohol. They are also 
precipitated by tannm, picric acid, potassio-mercuric iodide, phospho- 
molybdic acid, and phospho-tungstic acid. 

They give the biuret reaction (rose-red solution with a trace of 
copper sulphate and caustic potash or soda). 

Peptone is readily ^fiusible., toqugli animM 

The table on p.'284 will give us at a glance the chief characters of ' 
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pepiibnes and proteoses in contrast with those of the native proteins, 
albumins, and globulins. 


Variety 

of 

protein. 

Action 

of 

beat. 

Action 

of 

alcohol. 

Action 

of 

nitric acid- 

Action of 
ammonium 
sulphate. 

Action of 
copper 
sulphate 
and caustic 
potash. 

Dilhisi- 

bility. 

Albumin 

Coagulated 

Precipitated, 
then coagu- 
lated 

Precipitated 
in the cold; 
not readily 
soluble on 
heating 

Precipitated 
by complete 
saturation 

Violet 

colour 

(biuret 

reaction) 

Nil 

Globulin 

Ditto 

Ditto 

Ditto 

Precipitated 
by half satu- 
ration; also 
precipitated 
by MgSO^ 

Ditto 

Ditto 

Proteoses i 

Not 

coagulated 

Precipitated, 
but not co- 
agulated 

Precipitated 
in the cold ; 
readily sol- 
*ub‘le on 
heating; the 
precipitate 
reappears on 
cooling* 

Precipitated 
by satura- 
tion 

Kos e-red 
colour 
(biuret 
reaction) 

Slight 

Peptones 

Not 

coagulated 

Precipitated, 
but not co- 
agulated 

Not precipi- 
tated 

Not - precipi-» 
tated 

Kos e-red 
colour 
(biuret 
reaction) 

Great 


* With deutero-albumose this reaction only occurs in the presence of excess of salt. 


The Amino-Acids. 

What we have already learnt about the fatty acids will help 
us in understanding what is meant by an amino-acid. We shall 
find it advantageous to distinguish the carbon atoms in the fatty 
acids. . , 

\ ' . 1 . If we take acetic acid, one of the simplest of the fatty acids, 

its formula is CH3.COOH. - If one of the three hydrogen .atoms 
! in the methyl group is replaced by NHg, we get a substance which 
1 has the formula OB[2(hrH2)CdOH. The group hnB[2 is called^ the 
[ ammo-group, and the* new substance now formed is called amino- 
‘ acetic acid; it is also termed glycine or glycocoll. In this example 
there is only one position' which the amino-group can occupy. Thus 
• there can only be one amino-acetic acid, but in other cases there are 
more possibilities, and their carbon atoms are termed a, y, etc. 
In propionic acid there are two possibilities ; it has the formula — 

H H 

I I /OH 
a 


H H 
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We thus can get either GHg . NHg . GHg . COOH (/3-^mmo-propionic 
acid) or OHg . CH . HHg . COOH (the a acid) ; a-amino-propionic acid 
is called arahine.. Going higher in the scale, the more numerous 
become the. possibilities, but^.Jhe..^aTamino:acids . only _ are_ found 
^ pature. From j8-hydroxy-propionic acid, we’’ get ' thV r pmiho- 
aerivative called serine ; from valeric acid (C^Hg . GOOH), valine 
(C4H8(HH2)C00H) is obtained; and from caproicacid (CsH^ . COOH) 
we get leucine (OgH4o(!N’H2)COOH), or more accurately a-amino- 
isobutyl-acetic acid (OH3)2GH . CHg . 0H(]SrH2)C00H. Its crystalline 
form is shown oh the left-hand side of fig. 126. 



All the five amino-acidsXglyoine, alanine, serine, valine, and leucine) 
are found among the final hydrolytic products of most proteins. 

2. A second group of amino-acids is obtained from- fatty acids, 
which contain two carboxyl (COOH) groups , in their molecules. 
The most important of the amino-derivatives obtained from these 
dicarboxylic acids are ; amino-sucoinamic acid (asparagine *) ; amino- 
succinic acid (aspartic acid) ; amino-glutaric acid (gl utamic ac id)-. 

3. The third group of amino-acids is a very important one; the 
aromatic amino-acids; that is, amino-acids containing the benzene 
ring. The most 'important are : — 

(1) Phenyl-alanine is alanine or a-amino-propionic acid in 
wliich an atom of hydrogen is replaced by a phenyl group ; propionic 
acid has the formula C2H5 . COOH ; alanine (a-amino-propionic acid) 
is 02H4(N’H2)C00H ; phenyl-alanine is CgHg . C2H3(NH2)COOH, or 
grap»hically written — 

CH„. CH(NHo)COOH 

\/ 


* An amide of aspartic acid 
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^ ^ Tyrosine is a little more complicated; it is para-hydroxy- 

"^enyl alaniae that is, graphically written — 

OH . ' ' 


I 

CH2,CH(NH2)C00H 


Tyrosine crystallises in collections of very fine needles (see fig. 126 ). 

I ' T;^osine is of special importance as it is apparently used by the 
thyroid, gland to form thyroxine and by the adrenal_gland-to.form 
! I adrenaline. It also forms tyramine which has an action somewhat 
;like adrenaline on the blood-vessels and is present in ripe cheese and 
putrefying tissues. When oxidised through the agency of the enzyme 
tyrosinase (see Eaper) it forms the black pigment melanin which is 
so common in nature. ■ 

( 3 ) Tryptophan is more complex still — 

CH 

HC^\’p C . CHg , CH . NHg . COOH 


it is indole amino-propionic acid: that is, amino-propionic acid 
united to a ringed derivative called indole. Tryptophan is the 
portion of the protein molecule which is the parent substance of 
two evil-smelling* products of protein decomposition called indole 
and -skatole or methyl indole. Indole is a combination of the 
benzene and pyrrol rings. , Tryptophan is responsible for the 
AdamMexvicz reaction and gives a red colour with bromine water. 

In this and- in all the preceding cases, there is only one 
replacement of an atom of hydrogen by the amino group (NHg); 
hence they may be all classed together SLSjmono-amino-ac'ids. 

Passing to the next stage in complexity; Ve come to“ another group 
of amino-acids which are called diamino-acidB ; that is, fatty acids in 
which two hydrogen atoms are replaced by NH, groups. Of these we 
may mention lysine, ornithine; arginine, and histidine. 

Lysine is diamino-caproic acid.^ Oaproic acid is CgHji . COOH. 
Mono-amino-caproic acid or leucine, we have already learnt, is 
C5 Hio(HH 2)COOH. Lysine or diamino-caproic acid is CjHj . 
(NH^l^.COOH. 

Omitliine is diamino-valeric acid, and the following formula 
will show its relationship to its parent fatty acid — 

C4H9COOH is valeric acid. 

C^H7(HH2)2C00H is diamino-valeric acid or ornithine. 

* 'The smell is probably due to skatole, pure indole having a pleasant smell. 
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Arginine, is a somewhat more complex su.bstance 7 jwluch .contains 

th e, o rnithine radicair It belongs to the same group of substances 

as crea'tine7~which is methyl-guanidine acetic acid, and has the 
formula — 


HN< 


H.N> 


— N(CH3)CH2. cooh 

[Creatine.] 


HgNs^ 

HgN/ 


C = 0 


[Urea.] 


NH(CH3)CH2. COOH' 

[Sarcosine or methyl-glycine,] 


On boiling it with baryta water, it takes up water and splits at the 
dotted line into urea and sareosine, as shown above. 

Arginine.splits in a similar way, urea being spHt pff.on the left, 
and ornithine instead of sareosine on the-rightr Ar ginin ejis, -there- 
fore/ a com poUn d~of ornithine with~a' urea group. 

■ “'Histidine, though''~not--strictly speaking a diamino-acid, is a 
diazine derivative (imidazole-amino-propionic acid), and so may 
be included in the same group. Histidine is of great importance 
as ..it . readily'; loses COg on decomposition and . gives rise to the toxic 
substa.nce histamine, which 'is' 'vef y 'feadily produced in damaged 
tissues (see special section). 

These substances we have spoken of as acids, but they may also 
play the part of bases, for the introduction of- a second amino-group 
into the fatty acid molecules confers upon them basic properties. 
The three substances: lysine, arginine, 

histidine, CgHghr 302 are in fact often called the hexone bases, because 
each of them contains 6 atoms of carbon, as the above empirical 
formula show. 

Cystine, cysteine, and methionine are amino-acids in which 
sulphur is present, and in which the greater part of the sulphur of 
the protein molecule is contained. ■ ' 

In addition to all these numerous amino-acids there are other 
cleavage products, of which it will be sufficient to mention proline. 
In the nucleo-proteins the nuclein component yields in addition 
what are known as purine and pyrimidine bases. (See further 
under Nucleic Acid, also under Uric Acid.) 


The Constitution of Proteins. 

The above list now represents the principal groups of chemical 
nuclei united together in the protein molecule, and its length makes 
one realise the complicated nature of that molecule and the difficulties 
which beset its investigation. We may pht the problem another 
way. In the simple sugars, with six atoms of carbon, there are as 
many as twenty-four diferent ways in which the atomic groups may 
be linlced up ; the formulae on p. 263 give only four of these which 
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represent' the structure of glucose, fructose, mannitol, and sorbitol • 
but the majority of the remainder have also been prepared by 
chemists. The molecule of albumin has at least 700 carbon atoms, 
so the possible combinations and permutations must be reckoned by 
miUions. * , 

Much work is being done on the various known proteins, 
taking them to pieces and identifying and estimating the fragments 
and improving the methods of estimation. The following table 
presents the results obtained with some of the cleavage products of 
a few proteins. The numbers ,,given are percentages. 


/ 

Serum albumin. 

£)gg albumin. 

Serum globulin. 

Caseinogen of 
cow’s milk. 

Gelatin. 

Keratin, from 
horse hair. 

Edestin, a globulin 
from cotton seed. 

d 

N 

*3 

a 

a 

o 

a 

"S 

B 

o 

~t3 

o 

Glycine . 

- 0 

0 

3*5 

0 

25*5 

4*7 

3*8 

0 

0*02 

Leucine . 

20 '0 

6*1 

18-7 

10*5 

7*1 

7*1 

2*9 

1 18*6 

5*6 

Glutamic acid . 

7-7 

Kill 



- 5*8 

3*7 

17-2 

26*2 

43*7 

Tyrosine . 

2T 

Bi 



0 

3*2 

2*1 

! 3*5 

j 1*2 

Arginine . 

4*9 

5*4 

3*9 

3*8 

7*6 


11*7 

1*2 

1 3*2 

Tryptophan 

-f 

+ - 

+ 

■a 



+ 

0 

1*0 

Cystine 

2*6 

0*3 

0*7 

0*06 

•••{ 

More 
than 10 

1 0-2 

1 

0*4 


' Such numbers, of course, are not to be committed to memory, but 
they are sufficient to convey to the reader the differences between 
the proteins. There are several blanks left, on account of no accurate 
estimations having yet been made. ‘Where the sign + occurs, the 
substance in question has been proved to he present, but not yet 
determined quantitatively. Among the more striking points brought 
out are : — 

1. The small amount of glycine in albumins. 

2. The high percentage of glycine in gelatin. 

3. The absence of tyrosine, cystine and tryptophan in gelatin. 

4. The high percentage of the sulphur-containing substance 
(cystine) in keratin. 

6 The high percentage of glutamic acid in vegetable proteins. 

Kscher discovered the way in which the amino-acids are 
linked together into groups: The groups- are termed peptides or 
polypeptides ; many of these have been made synthetically in the 
laboratory, and so the synthesis of the protein, molecule is 
foreshadowed. 
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We may take as our examples of the peptides some of the simplest, 
and may write the formula of a few amino-acids as follows ; — 

NH^.CHj.COOH Glycine, 1 

NHj. C2H4. COOH Alanine, i.or in general terms, HNH . R . COOH. 
NHj . C5H10 . COOH Leucine,] 

Two amino^aCids are linked together as shown in the following 
formula — 


HNH . R . CO 



NH . R . COOH 


What happens is that the hydroxyl (OH) of the carboxyl (COOH) 
group of one acid unites with one atom of the hydrogen of the other 
amino (HNH) group, and water is thus formed, as shown within the 
dotted lines : this is eliminated and the -rest of the chain closes up. 
In this' way we get a dipeptide. Thus glycyhglycine, glycyl- 
leucine, leucyl-alanine, alanyl-leucine, and numerous other combina- 
tions are obtained. If -the same operation is repeated we obtain 
tripeptides (leucyl-glycyl-alanine, alanyl-leucyl-tyrosine, etc.); then 
come the tetrapeptides, and so on. In the end, by coupling the chains 
sufficiently often and in appropriate order, Tischer has already 
obtained substances which give some of the reactions of peptones. 

The Structure of Proteins. — The evidence is now very complete 
that the amino-acids in a protein are not linked together in straight 
chains, although there is still some discussion as to what the actual 
arrangement is. Wrinch, a mathematician, has suggested a cycloid 
structure in wliich groups are united together in a somewhat similar 
way to the groups of a sterol, and has constructed three-dimensional 
models accordingly, but other workers prefer to consider them as 
long chains folded on themselves. Possibly both forms exist. (Kef. 
Lloyd and Shore.) 

It is beyond the scope of this hook to give details of estimation 
of individual amino-acids, but the following general methods of 
protein analysis may be given. 

Hausmann’s Method. — This is a short and trustworthy procedure, by which 
an approximate knowledge of the nitrogen distribution in the protein moiecule 
is ascertained. 

It is shortly as follows The whole nitrogen of the protein is estimated 
by Kjeldahl’s method. A weighed amount is then hydrolysed by means of 
hydrochloric acid, and tlien the cleavage products are separated into three classes 
and tire nitrogen estimated in each, as — 

1. Ammonia nitrogen. This comprises the' nitrogen of the protein molecule 
which is easily split off as ammonia, and is determined by distilling off the 
ammonia after adding magnesia. , ' 


K 
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2. piamjno-N. The fluid, free from ammonia, is precipitated by phospho- 
tungstic acid, and the nitrogen present in the precipitate determinea. This 
represents tlie nitrogen of tlie diamino-acids (lysine, arginine, etc.)« 

3. Mono-amino-N is then estimated in the residual toid. 

The method has proved useful for the differentiation of proteins, and interest- 
ing deductions as to their food value have been drawn from its results. 

Van Slyke’s Method.— In tliis method, the two last fractions in Hausmann's 
method are treated with nitrous acid, which liberates nitrogen from amino-groups. 
By measuring the nitrogen evolved, the amino-nitrogen is ascertained, and the 
non-amino-nitrogen (that is, the nitrogen in heterocyclic combination in proline 
tryptophan, etc.) is determined by difference. This ruethod can be worked with 
quite small quantities of protein, and from 98 to 100 per cent, of the nitrogen is 

nr/'niintpd for. .. r, jf \ 
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PHYSICAL CHEMISTEY AND ITS BEAEING ON PHYSIOLOGICAL 

PEOBLEMS 

The investigations of physical chemists have given us new con- 
ceptions of the nature of solutions, and so ' are of importance in 
biological processes, especially on methods by which substances pass 
through membranes. / . v 

Water is the fluid in which soluble materials are usually 
dissolved. At ordmary temperatures it is a liquid the molecules 
of which are in constant movement ; the hotter the water the more 
active are the movements of its molecules, until when at last it 
boils, the molecules leave the solution. Perfectly pure water con- 
sists of molecules HgO with a very few H and OH ions. The water 
molecules undergo very little dissociation into their constituent ions, 
and it is for this reason that pure water is an extremely poor 
conductor of electricity. 

if a substance such as sugar is dissolved in the water, the 
solution still remains incapable of conducting an electrical current. 
The sugar molecules in solution are still sugar molecules ; they do 
not undergo dissociation. 

But if a substance such as common salt is dissolved in the water, 
the solution is then capable of conducting electrical currents, and the 
same is true for most acids, bases, and salts. These substances do 
undergo dissociation, and the simpler, units into wMch they are 
brolfen up in the water are called ions. Thus, if sodium sulphate 
■^is dissolved in water a certain number of its molecules become 
dissociated into sodium ions, which are charged with positive 
electricity, and sulphate ions, which are charged with negative 
electricity. Similarly, a solution of hydrochloric acid in water 
\ contains free hydrogen ions and free chlorme ions. Sulphuric acid 
is decomposed into hydrogen ions and ions of SO4. The terra ion is 
thus not equivalent to atom, for an ion may be a group of atoms, ; 
such as. SO^, in the example just given, and it always carries ani 
electric charge. 

Further, in hydrochloric acid, the negative charge of the 
chlorme ion is equal to the positive charge of the hydrogen ion; 
but in sulphuric acid the negative charge of the SO4 ion is equal 
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to the positive charge of two hydrogen ions. We can thus speak of 
monovalent, divalent, trivalent, etc., ions. 

Ions positively charged are called Icat-ions because they move 
towards 'the kathode or negative pole ; those which are negatively 
”char<^’'ed are called an-ioiis because they move towards the anode or 
positive pole. TheToTlowing are some examples of each class : — ■ 

Kat-ions. Monovalent: — H'*', Na+, etc. 

Divalent: — Ba^+j Fe'*'+ (in ferrous salts), etc. 

Trivalent: — Al+'^'*', Bi+++3 Fe+'^+ (in feme 

salts), etc. 

An-ions. Monovalent: — Cl“, Brf, OH", NO^ , etc. 

Divalent: — S"“, Se"“, SO"T^ etc. 

The ions liberated by the act of dissociation are, as we have seen, 
charged vdth electricity, and when an electrical current is led into 
such a solution, it is conducted through the solution by the move- 
ment of the ions. Substances wliich exhibit the property of 
dissociation are known as clectroh/tes . 

The liquids of the body contain electrolytes in solution, and it 
is owing to tliis fact that they are able to conduct electrical currents. 

Tliis conception of electrolytic dissociation which we owe to 
Arrhenius is extremely important in relation to osmotic pressure, 
because the process of dissociation increases the number of particles 
moving in the solution, and so increases the osmotic pressure, for 
in this relation an ion plays the same part as a molecule. ^ 

It has been shown also that living tissues are extremely sensitive 
to the nature and the concentration of ions in their environment. 
Some of these facts, which we owe largely to the work of Einger and 
of Loeb, we have already referred to in relation to the heart, amoeba, 
and cilia. 

Some substances like sodium chloride are fully dissociated, but 
others such as weak acids and bases and their salts are not fully 
dissociated but/become more so when in dilute solution. 


The Dissociation of Different Electrolytes. 

Strong Electrolytes , — A crystal of common salt consists of a 
closely packed orderly arranged mass of ions of sodium and chlorine. 
i^To particular sodium ion is attached to any particular, chlorine ion. 
That is, the crystal is not made up of l^aCl molecules but of Na*^ and 

Cl ions held together by the attractive forces due to their opposite 
charges. 

A^Tien the sodium chloride is dissolved in water NaCl molecules^ 


t';.' 






293 


OH. XXI.] THE DISSOCIATION OF DIFFERENT ELECTROLYTES 

are not formed, the ions and the Gl" ions continue to lead 
separate existences. 

So far^ as is known SO^" " and ions also belong to the class 
of completely dissociated electrolytes, and all salts are c ompletely 
disso ciated in weak solution. 

WealclElec£fol'yies. — The dissociation of compounds in this group 
can he represented by the general equation 

AB - + B+, 

the dissociation obeying the law of mass action. Water, organic 
acids, proteins and some calcium and magnesium compoimds all 
undergo partial reversible dissociation. The first three of these are 
of general importance and will be dealt with individually; 

The Dissociation of Weak Acids. — ^An, acid can be defined as any 
compound which can give rise to hydrogen ions, and a base as a 
compound which can take them up. The relationship between an 
acid and a , base can then be expressed 

HA A" + H+. 

Acid. Base. 

The chief acids of the body and the dissociation which they 
undergo at physiological can be represented by the following : 

H 2 CO 3 - HCO- + H+. 

HgPO; ^ HPO; - + H+. 

R.COOH=^RCOO- + H+. 

The 'Dissociation of Amino-Acids. — The iso-electric point of an 
amino-acid is defined as the-^H at which the total charge on the 
amino-acid’ is zero. In this state the constitution of the ordinary 
a-amino-acid can be represented by 

R.CH.COO- 

I ^ 

NH,+. 

If the is less than the iso-electric point it can function as a base, 
R.CH.COO"'. R.CH.COOH 

i + H+ ^ 1 

NH 3 + NH + 

or if the jsli is greater than the iso-electric point, as an acid, 
R.CH.COO- R.CH.COO- 
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These doubly--charged ions which can function as. acids or bases 
are kno^yn as_zwitfcerions. ^ 

TlieDxssociation of Froteins , — Like the amino-acids, the iso-electric 
point , of a protein is defined as the pH at which the total ^charge 
on the molecule is zero. In this condition the protein molecule 
cariies many^^positivel}^^ negatiA’'ely charged groups." The total 
charge is zero because the number of positive charges is equal to 
the number of negative charges. As in the case of the amino-acids, 
at greater than the iso-electric point the protein behaves as an 
acid and at pH’s below the iso-electric point as a base. (Taylor.) . 

Gramme-molecular Solutions. — From the point of view of 
osmotic pressure a convenient unit is the gramme-molecule. A 
gramme-molecule of any substance is the quantity in grammes of 
that substance equal to its molecular weight. A gramme-molecular 
solution is one which contains a gramme-molecule of the substance 
per litre. Thus a gramme-molecular solution of sodium chloride is 
one which contains 58*46 grammes of sodium chloride (Ha = 23*00: 
01=35*46) in a litre. A gramme-molecular solution of glucose 
(CgHioOg) is one which contains 180 grammes of glucose in a litre. 
A gramme-molecule of hydrogen (Hg) is 2 grammes by weight of 
hydrogen, and if this was compressed to the volume of a litre, it 
would be comparable to a gramme-molecular solution. It therefore 
follows that a litre containing 2 grammes of hydrogen contains the 
same number of molecules of hydrogen in it as a litre of a solution 
containing 58*46 grammes of sodium chloride, or one containing 
180 grammes of glucose, has in it of salt or sugar molecules respect- 
ively. To put it another way, the heavier the weight of a molecule 
of any substance, the more of that substance must be dissolved in 
the litre to obtain its gramme-molecular solution. Or still another 
way: if solutions of various substances are made all of the same 
strength per cent., the solutions of the materials of small molecular 
weight will contain more molecules of those materials than the 
solutions of the materials which have heavy molecules. We shall 
see that the calculation of osmotic pressure depends upon these 
facts. 

Diffusion. — If two gases are brought together within a closed 
space, a homogeneous mixture of the two is soon obtained. This 
is due to the movements of the gaseous-molecules within the confining 
space, and the process is called diffusion. This process, we have 
seen, is important in relation to the passage of gases to and from the 
blood in the lungs. In a similar way diffusion will effect in time a 
homogeneous mixture of two liquids or solutions. If water is 
carefully poured on to the surface of a solution of salt so as to form 
two layers, the salt or its ions will soon be equally distributed 
throughout the whole. If a solution of albumin or any other colloidal 
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substance is used, instead of salt in the experiment, diffusion will 
be found to occur much more slowly. 


Osmosis. J 








If, instead of pouring the water on to the surface of a solution 
of salt or sugar, the two are separated by a membrane made of such 
a material as parchment, a diffusion will occur, 
though more slowly' than in cases where the M 

membrane is absent. In time, the water on 
each side of the membrane will contain the same 
quantity of sugar or salt. Substances which pass 
through such membranes are called crystalloids. 

'Substances which have large molecules (starch, 
protein, etc.) and do not pass through such 
meinbranes are called colloi ds. Very few, if any, 
membranes are equally permeable to water and 
to molecules of the substances dissolved in the fio. 127 . 

water. If in fig. 127 the compartment A is filled 
with pure water, and B with a sodium chloride solution, the hqxiids 
in the two compartments will ultimately be found to be equal in 
bulk as they were at the start, and each will be a solution of salt 
of half the strength of that originally in the compartinent B. But at 
first the volume of the liquid in compartment. B increases, because 
more water molecules pass into it from A than salt molecules pass 
from B to A. The term osmosis is generally limited to the stream 
of water molecules passing through a membrane, while the term 
dialysis is applied to the separation of those substances which 
can pass through a membrane from those which cannot. At first, 
then, since osmosis (the diffusion of water) is more rapid than the 
dialysis (the diffusion of the salt molecules or ions), the level of. B 
becomes higher than that of A. Tiiis difference indicates the higher 
osmotic pressure of the salt solution or the power of the solution to 
attract water. ‘ If a bladder containing strong salt solution is placed! 
in *a vessel of distilled water, water passes into the bladder hyj 
osmosis, so that the bladder is swollen, and a manometer connected 
with its interior wiU show a rise of pressure (osmotic pressure). _ I 

The total osmotic pressure cannot, however, be measmed in this 
way because (1) the salt diffuses out as the water diffuses in, and (2) 
the increased hydrostatic pressure in B (due to gravity) tends to 
interfere with the passage of the water to B (see Biltration below). 

It is therefore necessary to use a membrane which wiU not allow 
salt to pass out either by dialysis or filtration, though it will let the 
water pass in. Such membranes are called semi-jpermcaile mena- 
hranes. and one of the best of these is ferrocvanide of copper. This 
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may be made by taking a cell of porous earthenware and washing it 
out first with copper sulphate and then with potassium ferrocyanide. 
An insoluble precipitate of copper ferrocyanide is thus deposited in 
the pores of the earthenware. 

If such a cell is arranged as in fig. 128, and filled with a 
1 per cent, solution of sodium chloride, water diffuses in, till 
the pressure registered by the manometer reaches the enormous 

height of 5000 mm. of mercury. If the 
II pressure in the cell is increased beyond this 

. artificially, water will be pressed through 
the semi-permeable walls of the cell and 
the solution will become more concentrated. 

Though it is theoretically possible to 
measure osmotic pressure by a manometer 
in tliis direct way, practically it is hardly 
ever done, because it has been found difficult 
to construct a membrane which is absolutely 
semi-permeable; they are nearly all per- 
meable in. some degree to the molecule's of the 
dissolved crystalloid. In course of time, there- 
fore, the dissolved crystalloid will be equally 
distributed on both sides of the membrane, and 
osmosis of water will cease to be apparent, 
since it will be equal in both directions. 

Calculation of Osmotic Pressure. — 
As a simple example we may take a 1 per 
cent, solution of cane-sugar wliich does not 
dissociate into ions. 

Two grammes of hydrogen at N.T.P. 
occupy a volume of 22*4 litres. A gramme- 
molecule of hydrogen — that is, 2 grammes 
of hydrogen — when brought to the volume 
of 1 litre, will exert a gas pressure equal 
to that of 22*4 litres compressed to 1 litre 
— that is, a pressure of 22*4 atmospheres.' A 
gramme-molecular solution of cane-sugar, since it contains the same 
number of molecules in a litre, must therefore exert an osmotic 
pressure of 22*4 atmospheres also. A gramme-molecular solution of 
cane-sugar (OjoHooGi^) contains 342 grammes of cane-sugar in a 
litre of water. A 1 per cent, solution of cane-sugar contains only 
10 grammes of cane-sugar in a litre ; hence the osmotic pressure of 

a 1 per cent, solution of cane-sugar is x 22*4 atmospheres, or 

0‘6o of an atmosphere, which in terms of a column of mercury 
= 760 X 0'65 = 494 mm. 
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Fio. 12S. — A, outer vesaol, con- 
tahiinf' distilled water; B, 
iiiuer a>mi*perinoable vessel, 
containing 1 per cetit. salt 
solution; M, mercurial 
manometer. (After Star- 
ling.) 
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It is not possible, however, to apply this - method to mixed 
solutions containing , electrolytes such as occur in the body since 
it is not known how many molecules are ionised. 

Determination of Osmotic Pressure by means of the 
Freezing-point. — This is the method which is almost universally 
employed. The principle on which the method depends is the 
following: — The freezing-point of a solution of any substance in 
water is lower than that of water; the lowering of the freezing- 
point is proportional to the molecular concentration of the dissolved 
substance, and that, as we have seen, is proportional to the osmotic 
pressure. 

"When a gramme-molecule of any/substance is dissolved in a litre 
of water, the freezing-point is lowered by 1'87° C., and the osmotic 
pressure is, as we have seen, equal to 22‘4 atmospheres, that is, 
22‘4 X 760 = 17,024 mm. of mercury. 

We can, therefore, calculate the osmotic pressure of any solution if 
we know the lowering of its freezing-point in degrees Centigrade ; the 
lowering of the freezing-point is usually expressed by- the Greek 
letter A- The determination is made by the use of the Beckmann 
thermometer. 

Osmotic pressure = x 17,021. 

^ 1-87 


For example, a 1 per cent, solution of sugar would freeze at 

nocoon - 4 - - 4 . 1 , 0-052x17,024 _ 

— 0-052 C. ; its osmotic pressure is therefore = 473 mm.. 


a number approximately equal to that we obtained by calculation. 

Mammalian blood serum gives A =0-56° 0. A 0-9, per cent, 
solution of sodium chloride has the same A 5 hence serum and 
a 0-9 per cent, solution of common salt have the same osmotic 
pressure, or are isosmotic. The- osmotic pressure of blood serum is 

0-56x17,024 . 

= 5000 mm. of mercury approximately, or a pressure of 

1*87 

nearly 7 atmospheres. 

The osmotic pressure of solutions may also be compared, by 
observing their effect on red blood-corpuscles, or on vegetable cells 
such as those in Tradescantia. If the solution is hypertonic, i.c. has 
a greater osmotic pressure than the cell contents, the protoplasm 
loses water and shrinks, or if red corpuscles are used, they become 
crenated ; if the solution is hypotonic, i.e. has a smaller , osmotic 
pressure than the material within the cell- wall, and if red corpuscles 
are used they swell and, burst. Isotonic solutions, such as' physio- 
logical or normal salt solution, produce neither of these effects, because 
they have' the same osmotic pressure as the material within the 
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cell-wall. Isosmotic solutions may or may not be isotonic, depending 
on their nature. 

The Nature of Osmotic Pressure. — The following simple explanation 
is perhaps the best, and may be rendered most intelligible by an example. 
Suppose we have a solution of sugar separated by a semi-permeable membrane 
from water; that is, the membrane is permeable to water 'molecules, but not to 
sugar molecules. The streams of water from the two sides will then be unequal ; 
on one side we have water molecules striking against the membrane in what we 
may call normal numbers, while on the other side both water molecules and sugar 
molecules are striking against it. On this side, therefore, the sugar molecules 
take up a certain amount of room, and do not allow the water molecules to get to 
the membrane ; the membrane is, as it were, screened against the water by the 
sugar, therefore fewer water molecules will get through from the screened to the 
unscreened side than vice versa. This comes to the same thing as saying that 
the osmotic stream of water is greater from the unscreened water side to the 
screened sugar side than it is in the reverse direction. The more sugar molecules 
that are present the greater will be their screening action, and thus we see that 
the osmotic pressure is proportional to the number of sugar molecules in the 
solution, that is, to the concentration of the solution. 

Osmotic pressure is, in fact, equal to that which the dissolved substance would 
exert if it occupied the same space in the form of a gas (van ’t Hoff’s hypothesis). 
The nature of the substance makes no difference ; it is only the number of molecules 
which causes osmotic pressure to vary. The osmotic ’ pressure, however, of 
substances like sodium chloride, which are electrolytes, is greater than what one 
would expect from the number of molecules present. This is because the molecules 
in solution are split into their constituent ions, and an ion plays the same part as a 
molecule, in questions of osmotic pressure. In dilute solutions of sodium" chloride 
ionization is complete, and as the total number of ions is then nearly double 
the number of original molecules, the osmotic pressure is nearly double what would 
have been calculated from the number of molecules. 

The analogy between osmotic pressure and the pressure of gases is very 
complete, as may be seen from the following statements ; — 

1. At a constant temperature osmotic pressure is proportional to the concentra- 
tion of the solution (Boyle-Mariotte’s law for gases). 

2. With constant concentration, the osmotic pressure rises with and is pro- 
portional to the temperature (Gay-Lussac’s law for gases). 

3. The osmotic pressure of a solution of different substances is equal to the 
sum of the pressures which the individual substances would exert if they were 
alone in the solution (Henry-Dalton law for partial pressure of gases). 

4. The osmotic pressure is independent of the nature of the substance in 
solution, and depends only on the number of molecules or ions in solution 
(Avogadro’s law for gases). 

Filtration. — Fluids may also pass through membranes in virtue 
of a mechanical or hydrostatic difference in pressure on the two 
sides. The membrane leaks, as it were, but only the substances in 
solution pass through. This occurs in the case of ordinary filtration 
through a piece of blotting-paper. It is, however, important to note 
that the concentration of the filtrate is the same as that of the true 
solution before filtration. 

Physiological Applications. — It will at once be seen how 
important all these considerations are from the physiological stand- 
point. In the body we have aqueous solutions of various substances 
separated from one another by membranes. Thus there are the 
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endothelial walls of the capillaries separating the blood from the 
lymph; the epithelial walls of the kidney tubules separating the 
lymph from the urine ; and similar epithelium in all 
secreting glands; there is also the wall of the alimentary canal 
separating the digested food from the blood-vessels and lacteals. 
In such important problems as lymph-formation, the formation of 
urine and other excretions and secretions, and the absorption of food, 
we have to take into account the laws which regulate the movements 
both of water and of substances which are held in solution by the 
water. In the body .osmosis..and_filtration,bot h tak e place . Further 
complicating these two processes there is another 'force, na,mely, the 
secretory or selective activity of the living cells of which membranes 
are composed. This is. sometimes called by the name vital 
action, which is an unsatisfactory and unscientific expression. The 
laws which regulate filtration, diffusion, and osmosis are fairly 
well known and can be experimentally verified. But we have 
undoubtedly some other force, or some other manifestation of force, 
in living membranes. It probably is some physical or chemical 
property of living matter which has not yet been brought into line 
with the known chemical and physical forces which operate in the 
inorganic world. We cannot deny its existence, for, it sometimes 
operates so as to neutralise the known forces of osmosis and filtration. 

The more one studies the questions of lymph-formation and 
glandular secretion, the more it is evident that mere osmosis and 
filtration will not explain them entirely. The basis of the action 
is no doubt physical, but the living cells do not behave like the 
dead membrane of a dialyser ; they have a selective action, picking' 
out some substances and passing them through, while rejecting 
others. This is in part, but not wholly, due to the fact that the 
permeability is greater to some ions than to others. The subject 
has been extensively investigated by Hamburger. 

The cell has no real choice in what shall pass through and 
what be kept back. It has been found that different ions modify 
in various ways the normal permeability. The electric charge of 
the ions must be an important factor in determining the passage 
of substances through the cell and its plasmatic membrane. This 
permeability may become altered in diseased conditions by an 
upset of the normal relationships of the ions, hence cellular activity 
becomes abnormal. Electric ch arge, moreover, is only one factor; 
molecular _size in passing the sieve-like membrane is another; 
solution affinities, surface.;tension,'"etc., are still others. 

These cohsiderafibns may be exemplified by what is known in 
relation to the permeability of cells to glucose. Tliis sugar is always 
present in the blood in health, but is wholly contained in the 
plasma ; the corpuscles are stated to be impermeable to this variety 
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of sugar. In diabetes they become permeable. (See also Secretion 
and Absorption.) 

The theory of diffusion of dissolved substances through membranes 
as applied to cells has been profoundly influenced by the discovery 
of the composition of the cell-wall. At one time it was believed 
that diffusion of a colloid material was prevented by the pores of the 
membrane being too small to allov/’ large molecules to get through 
them; it was thought to act as a sort of sieve. But this cannot 
be the whole explanation, and it is now held that so^tion^ affinities 
play a most important part; that is to say, a mem brane.is .permeable 
to substances-wliich are soluble in the material of the membrane. 
Suyi'soiubility may imply the formation of actual chemical unions 
or more frequently the process is one of adsorption (see below); 
this latter process comes specially into play when nutritive materials 
are assimilated by the cell by means of the protein solution which 
occupies the interstices between the fat molecules of the membrane. 
On the other hand, the permeability by substances such as alcohol, 
chloroform, and ether, is mainly determined by the solubility of these 
materials in the fatty or fat-like components of the membrane, and 
this consideration is the foundation of the Meyer-Overton theory 
of the narcotic effect on cells which these volatile anEesthetics 
exercise. 

The process of absorption depends largely, but not entirely, on 
physical principles. Distilled water and readily diffusible substances 
readily pass through into the blood and lymph, hut if hy pertonic 
saline is introduced into the intestine, water passes from the blood 
to tlie'ihtestirie. This is the action of a purgative, especially the 
sulphates, which are not so readily absorbed as chlorides. Curiously, 
however, as Waymouth Eeid has shown, if the lining epithelium of 
the intestine is removed, absorption comes very nearly to a standstill, 
although from the purely physical standpoint removal of the thick 
columnar epithelium would increase the facihties for osmosis and 
filtration. 

The osmotic pressure exefted by crystalloids is very considerable, 
but their ready diffusibility limits their influence on the flow of 
water in the body. Thus if a strong solution of salt is injected into 
the blood, the first effect will be the setting up of an osmotic stream 
from the tissues to the blood. The salt, however, would soon diffuse 
out into the tissues, and would now exert osmotic pressure in the 
opposite direction. Moreover, both effects "will he but temporary, 
because excess of salt is soon got rid of by the excretory organs. 

Osmotic Pressure of Proteins. — The osmotic pressure of proteins 
is of special importance in relation to the blood, where they have 
been shown by Starling to exert a pressure of 30 mm. of mercury. 
By means of tliis pressure it is possible to explain the fact that an 
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isotonic or even a hypertonic solution of a diffusible crystalloid may 
be completely absorbed from the peritoneal cavity into the blood. 
The pressure observed may be due to sahne materials from which it 
is difficult to separate proteins.* 

The functional activity of the tissue elements is accompanied by 
the • breaking down of their protein . constituents into such simple 
materials as urea (and its precursors), sulphates and phosphates. These 
materials pass into the lymph, and increase its molecular concentration 
and its osmotic pressure ; thus water is attracted (to use the older 
way of putting it) from the blood to the lymph, and so the volume of 
the lymph rises and its flow increases. On the other hand, as these 
substances accumulate in the lymph they will in time attain there 
a greater concentration than in the blood, and so they will diffuse 
towards the blood, by which they are carried to the organs of excretion. 

But, again, we have a difficulty with the proteins : they are most 
important for the nutrition of the tissues, but they are practically 
indiffusible. We must therefore assume that their presence in the 
lymph is due somehow to filtration from the blood. 

It is the osmotic pressure of the protein which is chiefly respon- 
sible for preventing the fluid of the blood from leaving the blood-vessels. 

In the capillaries we have a balance of pressure: on the one 
hand we have the pressure of the blood, together with the osmotic 
pressure of the tissue fluids, tending to suck fluid from the vessels ; 
while, on the other hand, this is counteracted by the osmotic pressure 
of the blood which is exerted by the salts and proteins. The balance 
is, however, a very delicate one; since an increase of capillary 
pressure causes fluid to pass into the tissues (cedema ) — and hence it 
is that our feet are slightly larger at the end of the day. On the 
other hand, when the capillary pressure falls, as in htemorrhage, fluid 
passes from the tissues into the blood. In Iddney disease, when 
much protein, especially serum albumin, winch has a smaller 
molecule and higher osmotic pressure than serum globuhn, is lost 
in the urine, oedema is apt to occur, and is in part due to loss of 
colloid. 

The’ Law of Mass Action. — This law is of fundamental im- 
portance in relation to the processes which break down substances 
in digestion and subsequently cause the products to be built up 
into the tissues of the body. The law states that the rate at which 
a reaction takes place is proportional to the mass of the reagents 
in a certain volume, or, more accurately, to the concentration of 


* Bayliss has shown that tlie saline constituents found in a native protein are 
not mechanically mixed with it, and are also not in true chemical combination with 
it, but are in a condition intermediate between these two extremes, to which the 
term adsor-ption is applied. Many dyes used for staining fabrics and histological 
preparations are also adsorbed. 
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the active' ‘masses’ ol ’tife^’^eag^Bits'' (Bayiiss)^^'!? 
reaction the extent to which either will proceed will similarly 
depend on the concentration of the reagents on either side. In the 
equation 


CgHjOH + CH3.COOH CH3.COO.C2H5 + HgO 
[Ethyl alcohol.] [Acetic acid.] [Ethyl acetate.] [Water.] 


the extent to which alcohol and acetic acid will be formed, ie. 
the eqicilibrmm-point, in such a hydrolysis will depend on the 
concentration of water, and of the other reacting constituents. 
(See p. 308.) 

In a test-tube, therefore, the hydrolysis of a starch or of a 
protein by an enzyme is not quite complete, some of the- substances 
always remaining unchanged. 

In the body, however, some of the substances produced are 
removed from the sphere of reaction. In the digestion of starch, 
for example, the soluble sugar formed becomes absorbed and no 
longer interferes with the continuance of the reaction. 

Similarly, in the blood and tissues one of the substances, 
the glycogen, is also removed from the sphere of reaction and the 
synthesis can, therefore, proceed. It is not yet quite clear how 
some of the substances are actually removed from the sphere of 
the reaction, but that such a process does take place seems tolerably 
certain. 

Surface Tension. — The^ surface layer of a liquid possesses 
certain properties which are not shared by the rest of it, for in the 
interior the arrangement of matter is symmetrical round any point, 
whereas on the surface the surroundings consist of liquid on one side 
only, wliile on the other side is' sohd, or gas, or it may be another 
liquid. In a gas, the molecules are free from one another’s attractive 
influence and fly about freely with high velocity, producing pressure 
on the walls of the containing vessel; in a liquid, the mutual 
attractions of the molecules are great enough to keep the substance 
together in a definite volume; in order to separate the molecules and 
convert the liquid into gas a^ large amoimt of energy is required — 
the so-called latent heat of vaporisation. The molecular attractions 
in a liquid are thus very great, so that a molecule of the surface 
layer is pulled strongly inwards, and this layer constitutes a 
stretched’ elastic skin, and the power thus exerted is spoken of as 
sttr/ace tension. The effect of surface tension is most simply seen in 
a free drop of liquid, such as a rain-drop, or a drop of oil immersed 
in a mixture of alcohol and water of the same density. There is 
tlien nothing to prevent the tension in the surface layer from 
contracting as much as possible, and the drop will therefore assume 
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a form in which its^ volume will have the smallest surface, that is, 
• the drop will assume the form of a sphere. 

Now animal cells are liquid, and when they are at rest, other 
forces being absent, they also are spherical, and although they do 
not possess, as a rule, a definite wall of cellulose or other hard 
substance such as vegetable cells have, nevertheless the surface film. 
exercising the force called surface tension, plays the part of an 
elastic skin, and is termed the plasmatic membrane. This membrane 
plays an important physiologic^“f61eX' In tfie'projection of pseudo- 
podia, for instance, variations in the surface tension must occur in 
different parts of the periphery of the cell. Protoplasm, how- 
ever, is not a simple liquid, but contains substances of varying 
chemical composition, and substances which have the power of 
diminishing surface tension always show a tendency to accumulate 
at the surface. Hence the f ats and_.lipide5 which are powerful 
depressants .of surface tension are. found, probabl^in~a' state''bf“an 
extremely fine emulsion, more abundantly in the.plasmatic membrane 
than, elsewhere in the cell. 

Adsorption. — Prom what has been said above it is evident that 
ai^ substance in solution in a liquid in contact with a surface 
will be concentrated on that surface. This process is called adsorption. 
The power of charcoal to take up gases or dyes is due to the large 
surface it presents. For a similar reason the amount of congo-red 
which a filter-paper will take up is relatively greater the more dilute 
the solution of the dye. We shall see that this concentration at 
surfaces is important in digestion by enzymes which are colloids and 
have therefore an extremely large surface on which dilute acids 
and alkalis may be looked upon as becoming concentrated and 
having therefore the activity of strong solutions. 

Colloidal Solutions. — The study of colloids is important, seeing 
how many important physiological substances belong to this class ; 
for instance, the proteins„and.polysaccharides. Their main characters 
are, that they do no^ pass th rough . a pa rcinne nt membrane 295), 
their solutions are'^alescent, they crystallise mtK'difiiculty .if at all, 
they have a tendency to form jellies {e.g., gelatin), or to coagulate 
under the_.influence._of heat and other agents (as., is the case with 
most proteins), and they._exert_a’j6w,-Osm6tic -pressure. Inorganic 
substances {e.g., several metals, and compounds such as silicic acid) 
maj'^ also assume a colloidal condition; these are in an unstable 
physical condition, passing from the “ sol ” (or fluid) to the “ gel ” 
(or jeUy-hke) condition under slight provocation. This confers upon 
them tlieir power to act as catalysts. 

The solutions formed by colloidal materials are not _ true 
solutions.'"' 'They are really suspensions "of ..very minute particles. 
The particles, though ordinarily invisible, Svill nevertheless scatter 
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light, just as minute dust particles in the air are lit up by a 
beam of sunlight (Tyndall^-phenomenon). If a beam of light is 
passed through a colloidal solution the particles may be seen 
by means of a ' microscope. Thjs principle is used in the ultra- 
microscope. 

Reaction of Fluids. — Although this! important subject is really 
part of physical chemistry, it is more conveniently considered in 
connection with the maintenance of body reaction as a whole in 
a later cliapter. 


Enzymes. 




In all living things' there take place a large number of chemical 
reactions which are characterised by a rapidity and completeness 
which is quite unexpected considering how difficult it is to bring 
about similar reactions outside the body, by ordinary chemical 
reagents. 

This is made possible by the existence of /c olioidal/ organi c 
catal3:sts known as enzymdiy so called bejeause,,they3yere_&s.t^ found 
Tn'“'y^st. '^hey are"~als 6^' called ferments because those in yeast 
cause fermentation, that is frothing and bubbling, due to the break- 
down of carbohydrate into alcohol and carbon dioxide. Like all 
catalysts they are not used up in the reaction-^^A little leaven 
leaveneth the whole lump ”^but there is now evidence that some 
act by entering into chemical combination temporarily with the 
substrate or substance, on which ^ they act and then separating pff.« 
again. " 

I Some ehzjunes normally act. extra-celliilarly ^and ekist, for 
example, in the digestive^ secretions of the alimentary canal, where 
they play an important part in the breakdown of foodstuffs, but 
intracellular., .enzyjnes are also present.in all cells. We are familiar 
with the existence of enzjone action outside the body. Enzymes 
are present in the bacteria which bring about the souring of milk, 
and are the active agents in the processes of putrefaction whether 
autolytic or caused by micro-organisms.. After breaking up the 
cells or bacteria it is possible to extract the enzymes and it is found 
that they act apart from the cell. It is often possible to reduce 
the enzyme to a powder form which will keep for a considerable 
time. In several instances enz;y'mes have been crystallised, e.g. 
pepsin, trypsin, urease.^ 

-We may classify enzymes according to the kinds of chemical 
• T'eactions they catalyse or according to the substrates ujjon which 
they act. Modern usage is to name the enzyme by adding -ase to 
the appropriate substrate, but the older ones retain their original , 
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- Hydrolytic enzymes activate the addition of water to the 
substrate which then breaks up into simple molecules, e.g. 

^ 12 ^ 22^11 + f ^ 2 ^ = ^ 6 ^ 12^6 + ^ 6 ^ 12 ® 6 ' 

[Sucrose.] [Glucose.] [Fructose.] 

They bring about the digestion of food in the alimentary canaLfand 
are further discussed under digestion) ;• 

There are several varieties of hydrolytic enzymes and it will be ^ 
noted that as a rule enzymes act in groups towards a common end. 

The first enzyme to be discovered was the hydi’olytic enzyme, 
diastase of barley, which was shown byKii’chhoff in 1814 to convert 
starch into sugar in the brewing of beer. The next, the pepsin 
of the gastric juice, which hydrolyses protein was found by Schwann 
.in 1836. 

1. Oarbohydrases which hydrolyse carbohydrates, e.g. those 
which convert polysaccharides (starch, glycogen) into sugar with 
intermediate dextrins. Examples: the diastase of vegetable seeds, 
asudi t\\Q ptyalin of saliva. 

ftThere are also those which convert disaccharides into mono- 
saccharides, e.g. invertase of yeast cells ; invertase of intestmal juice ; 
these convert sucrose into equal parts of glucose and fructose while 
maltase and lactase break down maltose and lactose respectively;, 

2. Proteases which split proteins into proteoses, peptones, 
polypeptides, and finally amino-acids. Examples: the pepsin of 
gastric, the trypsin of pancreatic juice, and the erepsin of intestinal 
juice. They are contained also in the phagocytic^cells of the blo.od 
and' tissues, where they digest and destroyTiacteritT. They hydrolyse 
the 0 ^ — N link of proteins. 

o Esterases,^ hydrolyse the ester link, i.e. between an acid and 
•’ an'alcdhoL” They include: — 

Lipases, which are present in the pancreatic and gastric juices, 
and which hydrolyse the glycerides of the higher fatty acids in 
the small intestine. 

l 2 .! Fhosphatases or phosphoric esterases, which facilitate the precipi-. 
tatiW of _ calcium in the bone and are present' in the kidney and 
stomach, /hydrolyse the link between H 3 PO 4 and the OH gi'oup 
of a large number of compounds, such as phosphatides, hexose 
phosphate, etc.: 

• Lecithinases wliich act on lecithins. 

o] 4 . Esterases, which hydrolyse the esters of the lower fatty acids 
and of choline and betaine. The best known is the cMine,„esterase.,. 
of the blood, winch destroys acetyl-choline. 

Oxidation-Reduction Enzymes. j-These enzyme systems are 
closely related to the actions of the vitamin B, complex, especially 
nicotinic acid and thia,mme.] 
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Oxidases. — These are not hydrolytic, but are oxygen carriers and 
produce oxidation ; they are mainly found as intracellular enzymes^^ 
^nd are discussed in relation to tissue respiration; 

^ Eeductases. — These are the counterpart of' the oxidases, and 
produce reduction in the tissues. 

Miscellaneous Enzymes. 

1. Deaminases — these remove the amino-group from the amino- 
compounds, and are found in the liver. 

2* Coaendative E nzymes — those which convert soluble into insoluble 
proteins ; the best example of this class is rennet or rennin, found 
in the gastric juice; it converts the soluble caseinogenate of milk 
into casein. This is the substance used^iy cooks to make curds and 
whey. Thromlase in the blood catalyses blood coagulation. 

There are also a number of unclassified enzymes, such as carhonic 
(inJiAidrase, which facilitates the giving up of carbon dioxide^ by 
tile blood in the lungs:^ , _ 

Characteristics of Enzyme Action. / 

yir r CrCl, - X - - ^ ^ c . / 

.{Zynwg^s . — These are the parent substances of precursors of the 
enzymes. The granules seen in many secreting cells consist very 
largely of zymogen, which in the act of secretion is converted into 
the active enzyme. Thus, pepsin is formed from pepsinogen, trypsin 
from trypsinogen, and so forthJ 

Activation of Enzymes. Qo-enzymes. — Many enzymes contained 
in secretions are in a condition ready for action. In other cases 
this is not so, and their action occurs only after ^they have been 
rendered energetic by the presence or action of other substances, 
termed activating agents, or kinases and co-enzymes.. Sometimes 
the activator is an inorganic substance, sucEas calcium for thrombin, 
chloride for ptyalin, or magnesium..for_phosphatase. The action of 
aTonase is irreversible, but it is possible to remove, the co-enzyme 
from its sphere of action and temporarily inactivate an enzyme.: 
Co-enzymes are of special importance in the oxidation-reduction ^ 
systems inside jjells. r 

^ TTix ^ecificity of Enzyme Action.^ln mosf'cas’es ^he aclion of 
an enzyme is extraordinarily limited j' thus there are* three separate] 
enzymes to hydrolyse the three principal disaccharides, sucrose,^ 
lactose, and maltose, neither of which will act upon either of the* 
other two sugars in the list. [ Arginase splits arginine into ornithine 
and urea, but will act upon' no other substance. The lock and 
key ” simile first introduced by Emil Eischer will aid us in under- 
standing this specificity of action, but it is becoming increasingly 
evident that this specificity depends on definite chemical reactions 
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■ For example, some enzymes will only act if the protein ' or 
polypeptide concerned has free NHg or COOH groups. If these 
are fixed by adding H or by esterification respectively, the enzyme 
loses its activity. The activity may also depend on the exact 
method by which the amino-acids, for example, of a protein are linked 
together, for an enzyme may act on a t’ripeptide and yet he incapable of 
acting on a corresponding dipeptide which has one less amino-acid. 

Enzymes may then be considered as chemical complexes stabilised 
and made permanent by a colloidal carrier, or it may be that they 
are like polypeptides and composed of long complex chains. ' 

\ The Inex haustihility of JEnzymes. — K. small amount of enzyme 
will act on an unlimited amount of substrate, provided sufficient 
time is given, and provided also the products of action are removed. 
:The enzyme appears to take a share in intermediate reactions, and 
there is some evidence that in certain stages it combines with the 
substrate; but subsequently when the substrate breaks up into ■ 
simpler materials, the enzyme is liberated unchanged, and so ready 
to act similarly on a fresh amount of suhstrate.j 

The simple logarithmic law of enzyme action has been demon- 
strated for the majority of enzymes (invertase, trypsin, erepsin, 

_ lipase, etc.). The-eifect” in" a “given time . is , proportional to the 
quantity^ o f en z yme p resent. 

^..Conditions affecting the Velocity of Enzyme Action. 

These conditions have been aptly described as those which 
would affect the activity of slugs attacking a strawberry. 

Concentration of Enzyme. — The mor e ..enzyme there_is present 
the more rapidly^ will , the ..action proceed ; that isi" provided the 
enzyme'' is thoroughiy mixed with the substrate and has full 
opportunity of attacking it. The reaction is indeed dependent on \ 
the total surface offered to the enzyme. Ho doubt if we chopped up ^ 
the strawberry the slugs could eat it more rapidly. 

Concentration^ of Substrate. — The mpre_ substrate, present, the 
greater the ,sp,eed of reaction, but there is an optimum concentration^ ^ , 
above'which the. action, is slowed down. 

The Effect of Ternyerature on Enzyme Action.. — ^As the tempera- * 
ture rises the velocity of the action increases, until a temperature 
is reached at which , the activity is greatest. Most enzymes act 
best at 40° G., but there are exceptions ; malt diastase, for instance, 
acts best at 60° 0. Beyond the optimum temperature a further rise , 
inhibits activity, until a temperature is reached when the enzyme 
is destroyed. The fatal temperatur.e_a^a_rule. .is. in^the neighbour- Vj 
hood of^50° .C, - ' 

This statement, however, requires some modification, as whether 

\ 
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or not an enzyme is destroyed by a given temperature depends on 
the reaction of the medium in which it is. Boiling trypsin in an 
acid medium (Meilanby) in which, however, it is inactive does not 
destroy it, but it is readily destroyed in an alkaline medium, and 
pepsin may be boiled in neutral salt-free solution without loss of 
potential activity (Northrop). 

The effect of a rise of temperature is complex, and is of a 
-twofold nature. In the first place, and between certain limits, 
the law of Arrhenius is followed; that is, a rise of 10° doubles or 
even trebles the velocity of the action of the ' enzyme, as it does 
other chemical reactions. But as the temperature rises the velocity 
of disintegration of the enzyme also rises. The optimum tempera- 
ture is that at which the enzyme work is best done; . this is a 
temperature at which the ac celera ting effect is at it^ ma ximum, and 
the retarding' effect due "to enzyme’liestracfiimmsmoirso'great as to 
neutralise the accelerating effect; 

. Optimum J^action of Unzym^ Activity. — Some enzymes act best 
in an acid, othefF“in ' an alkaline medium. Bor each there is an 
optimum hydrogen-ion concentration. If placed in an unsuitable 
medium they are not only inactivated but may be destroyed. 

Removal of_Prpducts of Reaction. — Unless the products of reaction 
are removed they eventually hold it up in virtue of the law of mass 
action. In digestion, however, the enzyme actions tend to be 
very complete as the products are absorbed into the blood. 

Reversibility of Enzyme Action. — In some cases the action of 
enzymes may be reversible. The majority of enzyme reactions 
are imimolecular, or reactions of the first order; that is to 
say, nne substance only, the substrate, undergoes transformation; 
the other substance, the enzyme, does not alter in concentration. 
The law followed in such reactions is therefore the simple logarithmic 
law. But in these transformations we meet with the peculiarity 
that the reaction is not quite complete. A certain quantity of the 
substrate never disappears. This phenomenon is due to the fact 
that two reactions are always taking place in opposite directions. 
Simultaneously with the splitting _up, the, synthetic reaction begins, 
and synthesis or building up increases in proportion as the splitting 
of the compound advances. The velocity of the splittiog process 
decreases at the same rate as the velocity of the synthetic process 
increases. At a certain point, both have the same velocity, and 
therefore no further change occurs in the mixture when this condition 
of equilibrium is reached. This rule is expressed by writing the 
chemical equation connected by a double arrow instead of the sign 
of equation, as follows : . 

aHj.OH + CH3.CpOH:^I±r,H5.COO.CH3 + HjO 

[Ethyl alcohol.] [Acetic acid.] [Ethyl acetate.] [Water. I 
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TMs .phenomenon is termed “ Teversibilitj^ Commonly, however, the 
reaction is complete because its products are removed as soon as formed. 

In intracellular action this is a factor of importance, for the 
same enzyme' in the presence of different proportions of the substrate 
cleavage products may both build up and. break down the 
same.,aubstance. 

There are many instances of reversible activity in the body, such 
as the building up of starch (glycogen) and of protein and their 
subsequent- breakdown. It is, however, by no means certain that 
the same enzymes are concerned in both processes. 

The action of lipase, maltase, pepsin, trypsin,, phosphatase 
have all been shown to be reversible, but the amount of substances 
formed have so far been very small, possibly because the exact 
conditions for their s}mthetic action are not sufficiently known. 

Nature of Enzyme Action. — ^As has already been said, an 
enzyme may be considered to exercise a catalytic action. That is 
to say, the presence of the enzyme induces a chemical reaction 
to occur rapidly, which in its absence also occurs, but so slowly 
that any action at all is difficult to discover. To use the technical- 
phrase, its action is to increase the velocity of chernica,],, reactions. I 
It is, for instance, quite conceivable that, if starch and water 
are, mixed together, the starch will in time take up the water 
and split into its constituent molecules of sugar. .But an action 
of this kind would be so slow, occupying perchance many years, 
that for practical purposes it does not take place at all. If an 
inorganic catalyst is added, such as sulphuric acid, and the 
temperature raised to boiling-point, the action takes place in a few 
minutes ; if an organic catalyst, such as the enzyme ptyaUn, is 
added, the velocity of the change is even greater but, what is of 
more importance for the well-being of the animal, a — moderate- 
temperature,-namely_that.of, the .body, a,mply suffices. 

Various theories have been brought forward to account for this 
catalytic action, but there is as yet no certainty. It used to be 
thought that enzymes formed adsorption compounds with the sub- 
stances they act upon but as indicated in relation to their specificity 
(p. 306) it now appears more likely that they form definite chemical 
combinations which permit the substrate to react more freely with 
, other substances, e.g. water in the case of the hydrolytic enzymes. 

The Nature of Enzymes. — Although, as we have said, enzymes 
are necessary for life, they are not themselves li\dng ; indeed, many 
of them have now been obtained in crystalline form, although this 
is not looked upon now as being necessarily inanimate. This is true 
of the well-known digestive enzymes, pepsin, trypsin, and amylase, 
and also of the enzyme urease which hydrolyses urea. In many 
cases the enzymes are derived, from inactive precursors in the body 
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cells known as zymogens, and in' many instances the crystalline 
form of the precursor is different from that of the active enzyme, 
j All the crystalluie enzymes which have keen prepared so far 
I are .' protein s, but some are active in solutions so -dilute that no test 
for proteins can he obtained. .It would seem that the activity 
depends on some peculiar arrangement of their amino-acids, but 
what this is has so far eluded discovery (Northrop). 

In the case of certain oxidation-reduction systems, one of the 
essential constituents of the enzymes has been found to be a vitam in ; 
for example, vitamin B pyrophosphate is co-carboxylase, winch 
is necessary for the conversion of pyruvic acid to acetaldehyde. 
Eiboflavine, a part of vitamin B2, is a constituent of the yellow 
enzyme system necessary for the oxidation of hexose monophosphoric 
acid. Nicotinic acid is part of the co-enzyme of yeast juice which 
will activate dried yeast. Most enzyme action is very economical 
and leads to little or no evolution of heat, but of course this does 
not refer to the oxidases. A very large number of body processes 
depend on such action ; indeed, it is very difBcult to see how life 
could continue without them. ' 

BinaUy, it may be said that it is never possible to demonstrate 
the presence of an enzyme except in the presence of its substrate, 
and it is just possible that rhe substrate itself plays some part 
^ in its formation and activation' 

Enzyme Poisons. — ^Enzyme systems can be “poisoned” by 
numerous substances, notably mercury, silver , an d^gold, and to a 
lesser extent copper, zinc, and lead^'by^ffong acids and alkalies, 
formaldehyde, cyanides. The toxic effects of these substances in man 
may in part be duelo this action. Gener^y the poisons are protein ’ 
precipitants. Enzymes are usually maetivated'by ultfa-violet light, ''j 
“'"■'jamti-enzymes. — If an enzyme is injected into an animal its'-l 
blood develops a substance known as an anti-enzyme which prevents J' 
the enzyme action. Substances such as anti-pepsin, anti-rennin, 
and anti-trypsin can be produced, and it is thought that such 
substances may play a part in preventing intestinal worms and 
even in protecting the cells lining the alimentary canal from being- 
digested. The anti-enzymes are specific to individual enzymes. 

Autolysis. — All dead tissue eventually digests itself and becomes 
' Iiquid,'"and "often this is assisted by bacterial digestion, as in the 
case of pus formation. A 'similar function of the autolytic action 
of enzy'mes is presumably concerned when the body lives on itself, 
thereby losing weight in starvation and fever. These enzymes are 
intracellular and may belong to any of the groups'"of hydrolytic 
enzymes. It seems probable that they play a part in the normal 
metabolism of living cells. 
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\ THE BLOOD, .,t 

■M . 1'— V ■ ! . ' • • 

■C-'- _ I.V., 

The blood has a number of important functions in the- body /some 
of which have already been studied.' They are (1) Transport of 
substances from one part of the body to another, and in so doing 
it plays an important part in (2) ON'utrition, (3) Eespiration and 
(4) Excretion, and., in/ the .^maintenance of the (5) Acid-base 
equilibrium. ‘;|it ’'arsd'-plays^an'^ important part in (6) the water ^ 
balance of thfe body and ('7) in the protectior^ of the body against ] 
invasion by abnormal substances or by bacteriq::^ \v . < , . (i 

f)f^ i'^JSlood is a somewhat viscid fluid, and in man and in all other 
' vertebrate animals, with the exception of two,* is red in colorufJ-^It 
consists of a yellowish fluid, called plasma or liquor sanguinis, in 
which are suspended numerous blood-corpuscles, the majority of 
which are coloured, and it is to their presence that the red colour 
of the blood is due. Tbey^form 45 per cent, of the blood volume^ 

(j , \Even; when examined in very~thin rayers, biood is qpagw.6, on 
account of the different- refractive powers possessed by its two 
constituents, the plasma and the corpuscles. On treatment 'with 
ether, water, and other reagents, however, it becomes transparent and 
assumes a lake colour, in consequence of the colouring matter of the 
corpuscles having been discharged into the plasma. The_.§iy6T§g6-“ 
specific gravity of blood at 15° 0. (60° F.) varies from 1 055 to 1062 . ( 
A' rapid and useful method of estimating the specific gravity of blood 
was invented by Eoy. Drops of blood are taken and allowed to fall 


into fluids of known specific gravity. When the drop neither rises 
nor sinks in the fluid it is taken to be of the same specific gravity 
as that of the standard fluid.'-^In Hammerschlag’s method the drop 
is placed in a mixture of cMoroform,, and benzene; more chloroform ; 
or benzene is added until the drop neither falls nor sinks, i.e. until , 
the mixture has the same specific gravity as. the blood; the specific 
. gravity of the mixture is then taken.j^The,../fi!s 76 _is_saltish. Its / 
temperature varies shghtly, the average being 32t8° O.,(i0.0°.F.).. Ime 
blood-stream is warmed by passing through the Muscles and glands, 
but it is somewhat cooled on traversing the capillaries of the skin. 

/ Eecently-drawn blood has a distinct odowr,, wliich in many cases is 

■ " * The amphioxus and the leptoeephaliu. , 
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characteristic of the animal from which it has been taken ; (it may 
be further developed by adding to blood a mixture of equal parts 
I of -sulphuric acid and water. ; The_XiSiic^zb7^~of-the~bloodJs ^ 

; alkaline and is dealt with in a later chapter^'* ' ' / . ./O 

Blood Volume. — The quantity of blood ill an animal inay be 
\ .^^fimated in the following manner: — small quantity of blood 
"^is taken from an animal by venesection; it is defibrinated and 
measured, and used to make standard solutions of blood. The 
animal is then rapidly bled to death, and the blood which escapes is 
collected and defibrinated by whipping. The blood-vessels are next 
washed out with saline solution until the washings are no longer 
coloured, and these are added to the pre^dously withdrawn blood; 
lastly, the whole animal is finely minced with saline solution. The 
fluid obtained from the mincings is carefully filtered and added to 
the diluted blood previously obtained, and the whole is measured. 
The next step in the process is the comparison of the colour of the 
diluted blood with that of standard solutions of blood and water 
of a known strength, until it is discovered to what standard solution 
the diluted blood corresponds. As the amount of blood in the 
corresponding standard solution is Icnown, as well as the total 
quantity of diluted blood obtained from the animal, it is easy to 
calculate the absolute amount of blood which the latter contained, 
and to this is added the small amount which was withdrawn to 
make the standard solutions. Such experiments have shown that, 
although there is considerable variation, the blood volume of the 
dog is about ^ to ^ of the body- weight. 

The application of the method to decapitated criminals has given 
values from to ^I!or the ^estimation of blood volume in^an 
during life it^s“ evident that other methods are necessary.\/ These 
methods consist in adding a known amount of an easily recognisable 
substance to the circulating blood, and after thorough admixture 
a small known quantity of blood is withdrawn, and the substance 
estimated in it. Then by calculation, the total quantity of blood 
capable of holding all the foreign matter introduced is calculated. 

TJie estimation of the hloocl volume in the living man is, however, 
fraught with difficulties. The methods commonly in use iavolve 
the injection of dyes usually ''vital red” or "Evans blue.” 

The subject is of some practicarinteresf as it is found that, 
it may vary in disease. In talking of blood volume it should be 
realised that we really usually mean , plasma volume as the dye 
does not enter the corpuscles (see Eowntree and Brown, 1929). 

The following method is that now most extensively used. Two 
samples of blood (5 c.c.) are withdrawn and oxalated. A 1*5 per 
cent, solution of the d}'e is injected into an arm vein — after five 
minutes samples of blood are withdra\vn and centrifuged. The 
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colour is compared, the tint of the dye in the plasma . compared 
with standards consisting of uncoloured plasma and dye solutions 
of known concentrations. This method gives a total hlood volume 
of from to yhr of hody-weight. In an average man the amount 
is then about 6 litres, but this may be increased as in anaemia 
or at high altitudes. Similar results have been obtained by studying 
the change in blood concentration which occurs when plasma is 
injected. 

All methods depending on the dilution of an injected substance 
have the disadvantage that they measure only the^circulaling volume 
of hlood and not necessarily that available in the blood-depots, 
which may or may not be full at the time of the estimation. . Any 
state which causes them to conti’act, such as excitement and some 
diseases, may upset results when they are most needed, but in the 
same individual at rest repeated examinations under uniform 
conditions give reasonably constant results, the experimental error 
being quite small. 

The, Regulation of Blood Volume^ — The blood volume obviously 
depends ultimately on the water content of the body as a whole ; . 
but even when conditions arise which tend to change it, a very 
considerable effort on the part of the body is needed to keep it 
approximately constant. This is done by the fluid_passing-through 
the. capillary walls in either . direction according to requirements. 
Thus the loss or the injection of small quantities of fluid changes 
the blood volume for only a short time, the factors which determine 
the direction of the flow of fluid being the capillary pressure and 
osmotic pressure of the hlood. ,'The subject is closely related to 
the water-balance of the body and to the formation of lymph, ^yhich 
are dealt with in separate sections.! 

The circidating blood volume is increased in a number of states . 
notably mental I stress, muscuiar~exereise, and high temperature, 
j/^his is no doubt/duejm part tdVtlie constriction of the blood-depots 
''"fo^'-there is an dncrease of cells as well as plasnaa. More rapidly 
moving blood also tends to sweep static corpuscles into the 
circulation. 


A reduction of circulating hlood volume is brought 'about by a 
number of conditions. (It may occur in any generahsed anhydimmia 
{i.e. loss of body waterWn haemorrhage, or if the blood pools in the 
capillaries as may occur ivhen there is extensive damage to tissues. 
/■Prolonged standing has a similar effect from the pooling of blood 
' and lymph in the legs (see “ The Effect of Gravity on the 
Circulation ”). --qA reduction is also produced by exposure to cold, 
apparently because of the vasoconstriction of the skin brought 
about by the nervous system(j for it does not occur if the spinal 
cord is cut (Barbour). The skin vasoconstriction, by raising capillary 
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pressures, presumably increases the amount of tissue fluid and 
excretion by the kidney. - 'Cti seems possible too, that continued 
mental stress may eventually reduce the blood volume/ and hence 
the effect of a holiday in causing a subject to look better,” there 
then being sufficient blood to fill the superficial vessels more fuUyl 
There are, however, as yet no. experimental data on the subject! 


Coagulation of the Blood. 

K '^^-^dnod possesses two remarkable properties. ' It remains fluid in 
! the blood-vessels throughout life, but rapidly becomes soUd when 
shed. Both qualities are essential for the preservation of life. The 
\ maintenance of fluidity is necessary for the circulation of the blood, 
! whilst the solidification of the shed blood provides aruindispensable 
! defence against excessive bleeding from wounds.N,!,..-'"^ 

' /The coagulation of the blood is due to the formation of a jelly 
yT^yf the deposition of protein material called fibrin, and it is the 
formation of this body that is the fundamental change in blood 
clotting. When a film of almost freshly shed blood is examined 
under the microscope, a network of gelatinous threads or filaments 
of fibrin is seen, many of the threads radiating from clumps of 
disintegrating blood-platelets. Entangled in this mesh are both 
erythrocytes and leucocytes, the preponderance of the former 
corpuscles giving a clot of blood its characteristic red colour. 
The ultramicroscope reveals how the threads are built up. Minute 
granules first appear. These coalesce, forming needles resemhling 
crystals which join up end to end and form the threads mentioned 
above..; Soon, however, the whole mass contracts, its intimate 
structure becomes indistinguishable, and a straw - coloured liquid 
called serum is squeezed out of the clokWv Blood plasma which has 
been deprived of leucocytes and erythrocytes clots as readily as 
whole blood. THe^ presence of these corpuscles is, therefore, not 
necessary for blood ‘coagulation, although their debris contains 
substances which may participate in clotting. 

The role of platelets in blood clotting has been the subject of 
controversy. Some writers have thought that they are essential for 
coagulation, others have denied their importance. Recent researches 
indicate, however, that the platelets are normally important partici- 
pants in blood clotting, but they are not always essential for that 
process. The removal of blood-platelets from the shed blood of 
fasting animals by passing it through a clay filter may completely 
suppress the capacity of the plasma to clot spontaneously at room 
temperatures, but clotting may occur after prolonged shaking or 
when the plasma is kept for several days at SS"" C. in* sterile tubes. 
The addition of disintegrating platelets,, or extracts of them, to 
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deplateletised plasma rapidly produces coagulation^ the speed of 
clotting being proportional to the amount of material added. . Blood i . 
shed during the,' height of digestion behaves differently. It 
clots as rapidly as whole blood after the complete removal of the; 
platelets. , 

Moreover, all the substances requisite for blood clotting can , be ' 
extracted from plasma which has been deprived of all its corpuscles 
and platelets.\/ It_ap.p,ears, -then, that , -file plasiha contains' aU the 
participants in blood clotting, but in jasting^animals, .and_pos^ly . 
wh^digestibn. is nearly inactive, the presence oLplateletsismecessary, 
for a speed of coagulation .^sufficiently rapid for the provision of a 
defence against loss of blood.) "“v : ) •’ 

Coagulation. Time. — If 'normal blood is shed directly from a' -'Y 
blood-vessel on to a clean watch-glass and the glass moved gently I 
from side to" side, the drop of blood ceases to move in , -’three, to-ten ■ 
minutes. /Many mechanical devices have been invented to~6btain' ' 
a more accurate measurement but the practised observer usually 
prefers the simple method.) 

Bleeding Time. — The? time taken for a pricked ear, dried off 
with blotting paper every quarter of a minute to stop bleeding, 
is known as the bleeding time, which is from two-tp-f our" minutes. 

It depends not only on coagulability but the power of the injured 
capillary to contract.! , , 

Coagulation Ts“inS.ugurated or hastened by: — ■/■ O.^ 

(1) The application of warmth, e.g. water about 5° above body 

temperature. This is most important in dentistry and 
midwifery, and is not to be confused with the application 
of cold elsewhere to bring about reflex constriction of 
vessels.) 

(2) Contact of the blood with any surface which it wets, or with 

tissue extracts. 

(3) /Agitation or whipping, which brings such contact more 
\! rapidly into play. 

(4) The addition of thrombase (tlirombin),,'but large quantities 

of thrombase can be introduced slowly into the circulation 
without causing intravascular clotting. / 

(5) The rapid intravascular injection of most tissue extracts 

produces clotting in the blood-vessels, but their injection 
slowly or in minute quantities suppresses the clotting of 

blood — (the “ negative phase” of coagulation).;, 

(6) Astringents, e.g. alum and- substances like adrenahne, if 

applied locally, stop'h'semorrhage by constricting the blood- 
vessels, but adrenaline also increases coagulability if 
injected into the blood-stream. 
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coagulation of shed blood is retarded by 


(1) Complete contact with surfaces, e,g. parafifined, not wetted 

by blood. ' 

(2) Cooling the blood in a vessel surrounded by ice; the‘ blood 

remains fluid for two hours or longer. 

*(3) Dilution with great excess of water (20 to 40 volumes). 

(4) The addition of appropriate amounts of salts, such as sodium 

sulphate, magnesium sulphate, or sodium bicarbonate. 

(5) The addition of agents which precipitate the^ blood calcium 

or throw it out of action. Soluble oxalates and fluorides 
are too toxic to be used in living animals but are used 
in vitro. In practice a concentration of >0’6 per cent, 
sodium citrate is used. /A 3’8 per cent, solution is added 
tb^^G- times its volume of blood. Citrates are extensively 
used for intravenous injections as in blood transfusion.^ 

(6) The addition of various anticoagulants, such as leecli, extract; 

, various products of autolysis; a substance extracted from 
Various tissues, especially the liver and lungs, namedy 
heparin, which is produced by the mast cells ; and relatively 
large amounts of commercial peptone. . 

(7) Eemoval of the fibrinogen by whipping. it leaves defibrinated 

blood, which can . be used for perfusing organs but is 
deficient in protein! 

/y(8) A number of anticoagulant dyes such as chlorazol fast pinky 
/ are now used in experimental work (Huggett)./ 

/It is possible to carry out many experiments on blood, the result 
of' which indicate a number of undisputed factor although the 
complete explanation of the inception of the process of clotting 
is a subject of considerable controversy. The experimental facts 
are as follows : 


(1) Calcium is necessary for the clotting of blood. It may 

be thrown out of action by adding oxalate or citrate, but 
the blood will again clot if calcium is added.;' This discovery, 
by Arthus and Pages in 1890, made possible all subsequent 
researches into the problem. 

(2) A precursor of fibrin (fibrinogen) exists in tho circulating 

blood. /If oxalate is added to the blood to prevent it 
from clotting and the blood is then centrifuged to get 
rid of the corpuscles, the protein fibrinogen may be pre- 
cipitated by adding ammonium osulphate. It may then 
be redissolved in NaCl and the process repeated until 
^ the. fibrinogen is pure.,^ This fibrinogen has., the unique 
1 characteristic of being coagiilated by thrombase, a substance 
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present Jn _the,_seruin, ^expressed from coagulated _ blood. 
That tlirombase is not present in the circulating blood /is. 
obvious, otherwise the hlood would clot in the blood-vessels. 

(3) A precursor of thrombase, prothrombase, may be isolated from 

oxalated plasma by precipitation with acetone. This 
substance, however, will hot cause fibrinogen to clot in the 
absence of calcium or of tissue extract. ^'These substances 
used to be called thrombin and prothrdmbin, but since 
they have been found to be really enzymes and ought to 
be called thrombase and prothrombase (Mellanby).’ Pro- 
thronibase can be boiled for five minutes without being t 
destroyed. It is formed Jn the liver under the. influence!' 
of vitamin Kr" ' ' ' 

(4) Tissue extracts, especially extracts of blood platelets^ which 

are precipitated from ice-cold oxalated plasma hy centri- 
fuging are found to contain a substance (thromboldnase) 
whichXydli' not of itself clot blood, but which will in the 
presence of calcium activate prothrombase to do s6j^ Howell 
has shown that eephalin,, a phosphatide akin to lecithin,- 

is an essential constituent of thrombokinase. 

< 

Beyond these facts we have a large amount of conflicting evidence 
which has led to great controversy of which the chief difficulties are : — 

(1) The nature of the factors which' preserve ]the fluidity of the 

blood in vivo. 

(2) The mode of formation of thrombin and its manner of action 

on fibrinogen. 

O' - ' 

Howell believes that the mother substance of thrombin (pro- 
thrombase) exists in plasma, but is kept inactive by the anti- 
coagulant hepayin manufactured, by mast-cells. When blood is shed, 
or damaged by anything it wets,'~I56tWplatelets and damaged tissues 
liberate a compound of (^halin_wJiich_neutralises_the„heparin 
and permits the activationT of prothrombase 'by 'calcium-ions alone, 
without the intervention of any other body.! Thrombase is so formed, 
and by union with fibrinogen forms fibrin. ■ There is no doubt 
that the fluidity of normal blood is due to conditions, which are 
unfavourable to the production of thrombase, but there are difficulties 
in the acceptance of Howell’s teaching.- For example, the intra- 
vascular injection of heparin, altliough it first produces incoagulable 
blood, is followed by an increase in the coagulability of the blood. 
Nevertheless heparin is used clinically. (See Jorpes, 1939.) 

Pickering considered that fibrinogen and prothrombase are 
united with the more stable fractions of blood plasma^ (serum 
globulin and albumin) and are thus shielded from the disruptive 
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action of calcium-ions which is essential for. the inception of 
blood clotting, r , The complex of plasma colloids possesses only 
a limited capacity for "resistance. It breaks down immediately 
the bld6d'''is “sh'ed' upon any surface which it wets'* As soon 
as_the^ fibrinogen and ^prothrombase are set free 'the changes 
that result in clotting commence. ' Immediately afterwards blood- 
platelets rapidly disintegrate and, in normal wbimding, tissue juices 
invade the stream of escaping blood.) The products so liberated, 
with the help of calcium ions, unite with prothrombase giving 
thrombase, which in turn unites with fibrinogen giving fibrin. The 
pla8ma~then chang es from a sol to .a -gel-the initial steps in this 
Mange~T)eing the formation of filaments of fibrin in the manner 
already described. In addition,, coagula closely resembling fibrin 
are formed by the direct union of -fibrinogen and tissue juices, and 
it is probable that this mode of coagulation proceeds simultaneously 
with the clotting of fibrinogen by thrombase, although Mills maintains 
that this mode of clotting occurs before the formation of thrombin , 
when blood is in contact .with damaged tissues. Under artificial 
conditions, blood plasma can be altered from a sol to a gel by 
prolonged shaking without the intervention of the delris of platelets 
or tissue juices, and certain micro-organisms possess the power of 
clotting blood without the production of thrombase/' In spite of the 
controversy the main. facts may, however, be pieced together thus: 

Prothrombase + Calcium 

-f tissue juices and platelet debris (which contain thrombokinase 
^ ^ chiefly cephalin) 

Thrombase + Fibrinogen 
Fibrin 

'References, — Pickering, 1928. Howell, 1935. 

V 

/ The Plasma and Serum.\j^/ 

/when shed blood is kept fluid artificially by any one of the 
methods mentioned on p. 316, the corpuscles gradually sink and 
the plasma can be removed by either a pipette or a syphon. The 
separation of plasma and corpuscles is more rapidly effected by 
using a centrifuge and the plasma volume may be determined by 
using a graduated tube known as the. haematocrit. 

The blood (about 5 ml.) to be stiidied js drawn from a vein into 
a dry syringe and added to a test-tube containing dried oxalate, 

* If a large blood-vessel such as the aorta from a recently killed animal is cut 
open it may be demonstrated that its internal surface is not wetted by blood 
or water, lliis apparently depends on the lipoid character of the endothelial lining. 
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with which it is mixed to prevent clotting. The best method is 
to add the oxalated blood by means of a capillary pipette to about 
the 5 ml. mark on the graduated (Wintrobe) tube, and to centrifuge 
at 3000 revolutions per minute for half an hour. (See M.E.C. 
Keport, 1942, i., 209.) . ' 

The size of blood-cells is stated to increase during the day and to 
decrease during sleep, while changes also occur in disease. -The 
red cells of venous blood are larger than those of arterial blood. 

A relatively pure plasma may be obtained from horse’s veins 
by what is known as the “living test-tube” experiment. If the 
jugular vein is hgatured in two places so as to include a quantity 
of blood in it, then removed and hung in a cool place, the blood 
does not clot for several hours. The corpuscles settle and plasma 
can be removed. In addition to disintegrating blood platelets, it 
usually contains, however, both minute clots and thrombin, and thus"^; 
differs from the plasma of circulating blood. Pure and unaltered 
plasma has not yet been obtained outside the body, but the material 
available by the methods described gives a fair_indication of the 
properties of that fluid. 

Pericardial and hydrocele fluids closely resemble the plasma in 
composition. Usually, they contain few or no eorpuscles, and are 
more stable than plasma. As a rule, they do not clot spontaneously, 
but coagulate on the addition of thrombin. 

^Ai'\'The plasma is alkaline, yellowish in tint, and its specific gravity 
is from 1041 to 1067, and most commonly 1050. 100 c.c. of plasma 

contain : — 

Water . 90 

Solids : 

Proteins 8 j 

Extractives (including fat) 1*4 V 10 

Inorganic salts *0 J 

Details to be memorised are given at the end of the volume. 

The gases of the blood, which are normally oxygen, nitrogen, 
and carbon dioxide, have already been considered imder Respiration; 

We may now study one by one the various constituents of the 
plasma and serum. 

A. Proteins. — Fractions of protein possessing different properties 
can be obtained fi’om plasma by mixing it with different concen- 
trations of neutral salts, those commonlj’^ used being ammonium 
sulphate, sodium chloride, and magnesium sulphate. They are 
albumins, globulins, and fibrinogens. The table on nexF page"" 
gives ah. approximate idea of the limits of precipitability by these 
salts. 
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It should not, however, be assumed 'that these fractious of 
protein exist in a free condition in the plasma. On the contrary, 
recent researches indicate that the fractions of protein obtained 
by the salting of plasma, particularly those called globulins, are 
not distinct chemical units, but parts of a larger complex that 
is knit together in the plasma and behaves as a coherent whole. 
The fractions possess, however, distinct properties (S0rensen, 
Pickering). For their function see p. 321. 


Table, illustrating the precipitability of ike principal fractions of protein 
ivhich are obtainable from blood plasma that has been kept fluid by 
the addition of sodium oxalate. 


Precipitants. 

Fibrinogen. 

Euglobulin. 

Pseudoglobulin, 

Albumin. 

NaCi 

Precipitated at 
nearly half sat- 
uration. s 

Precipitated on 
saturation. 


:** 

MgSO^ . 

Precipitated at 
nearly half sat- 
uration. , 

Precipitated on 
saturation. 

Precipitated on 
saturation. 

... 

(NH,'„,SO, 

Precipitated on 
the addition of 
15 to 27 per 
cent of a satu- 
rated solution. 

Precipitated on 
the addition of 
28 to 38 per 
cent, of a satu- 
rated solution. 

Precipitated on 

I the addition of 
36 to 44 per 
cent, of a satu- 
rated solution. 

Precipitated 
on satura- 
tion. 


Fibrinogen , — Fibrinogen exhibits the general characteristics , of _ 
globulin with one important difference. It is clotted by thrombase 
and is thus distinguished from all other fractions of plasma protein. 

It is coagulated in vitro at 56° 0. It is so firmly bound to pro-jf 
thrombase that it can be separated from that body only by coagulation! 
of fibrinogen or by prolonged adsorption. Fibrinogen of the blood 
is probably combined with calcium and sodium. When freed from 
salts, it is incoagulable by heat (de Waele). 

Fibrinogen is made by the liver under the influence of vitamin K, \ 
and apparently there is also storage there, for if blood is lost its l 
fibrinogen content may be made up in a few hours. (Whipple, I 
Beattie.) 

'Serumi is the residue of plasma . left after the removal of 
fibrinogen as fibrin by coagulating the blood. Its proteins can be 
separated into serum globulin and albumin by salt precipitation; the 
globulin consists of euglobulin and pseudoglobulin. The albumin 
can also be broken into different fractions by heat coagulation. In x 
aU the vertebrates, except some fishes, e,g. the eel, three fractions are 
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obtained by heating serum to 73°, 78° and 85°C.,| The globulins 
and albumin obtained from serum exhibit the ’geiieral properties^' 
mentioned on p. 280,* whilst a complex of albumin’ and globulin 
possibly participates in immune reactions. 

Prothroiribase is proba bly a globulin and as already mentioned 
is bound to fibrinogen. When plasma clots it forms thrombase. 
Prothromhase also forms thrombase when whole blood or serum 
is treated with an excess of alcohol. The residue left after the 
evaporation of the alcohol is soluble in water and possesses the 
.properties of the thrombin obtainable from blood -clots. The 
prolonged dialysis of prothromhase also yields thrombin. • 


V^^The Functions of the Plasma Proteins. 

The plasma proteins have a variety of functions. 

1. They act as a medium in which the blood corpuscles are 

protected from damage. 

2. They confer on the blood an osmotic pressure and in virtue 

of the size of their molecule they are not, like salts in 
solution, filtered off through the capillary membranes by 
the blood-pressure iuto tlje urine and tissue spaces.' 

3. The protein fibrinogen forms the fibrin of a blood clot. 

4. They act as buffers and assist in preventing changes in the 

reaction of the blood and in carrying COg. 

5. They probably provide the protective antibodies which ■ 

protect against bacteria and their toxins. They are 
increased in infectious disease. 

6. When exuded from the capillai'ies in inflammation and 

haemorrhage they form a medium in which the various 
tissues can grow and repair themselves. 

Refeuences. — Starling 1909 ; Howe, 1925. . : 

B. Extractives, etc.-^IJnder this heading is a large number of 
substances which are very variable in amount, but which may be 
extracted. For the most part they ^e_ s ubstan ces^ for, which the 
blood is the v^ ucle"br ~transpd r b Worn one ^part of the bojiy_ to 
anotliefr^^ They^ are ) non-nitrogenous arid mtrogenouk. The non- 
nitrogenous are fatsf ^^aps', cholesterbl, arid stigar ; dlie nitrogenous 
are urea (0-02 to '0-04 per cent.), and still smaller quantities of »' 
uric acid, creatine, creatinine, xanthine, hypoxanthine and amino- 
. acids. 
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10.' Salts. — There are as follows (in percentages) (E. M. Murray) : — 



Plasma. - 

Corpuscles. 

IVlio’e BDod. 

Sodium . 

0-345 

0 042 

0-208 

Potassium 

0-020 

0-425 

0-202 

Calcium . 

0-010 

0-003 

0-0 i7 

Magnesium . 

0-003 

0-003 

0-003 

Phosphorus . 

0-003 

0-003 

0-003 ' 

Chloride . 

0-380 

0-185 

0-292 

NaCl . 

1 0-626 

0-374 

0-481 

NaHCOg 

1 0-220 

... 

... 


Traces of sulphur. 

A 



Many of the salts of the blood are maintained at a fairly 
constant level of concentration; although they may vary temporarily 
from time to time on this constancy, which is dealt with later 
in a separate section, depends on the ' normal functioning of many 
organs and tissues, notably that of the heart. 


The Blood-Corpuscles. 



Red Corpuscles or Erythrocytes. — Human red corpuscles 
are circular biconcave discs with rounded edges, -suVtt 
diameter (8*8 fx on the average) and about a quarter of that in 
tliickness. IVTien viewed singly they appear of a pale yellowish 
tinge ; the deep red colour which they give to the blood is observable 
in them only when they are seen en masse. 

Each red corpuscle is composed of a colourless envelope enclosing 
a semi-liquid material of winch by far the most abundant constituent 
is haemoglobin ; the enclosing membrane is important especially in 
processes of osmosis such as occur when water or salt solutions are 
added to the corpuscles, and its presence can be clearly distinguished 
microscopically in the large corpuscles of amphibia. The corpuscles 
are perfectly elastic so that as they circulate they admit of change of 
form, and recover their natural shape as soon as they escape from 
compression. 

The red corpuscles of other mammals are generally very nearly 
the size of human red corpuscles. They are smallest in the deer 
tribe and largest in the elephant. In all mammals the corpuscles 
are non-nucleated, and in all other vertebrates (birds, reptiles, 
amphibians, camels, and fishes) the corpuscles are oval, biconvex, 
and nucleated (fig. 130), and larger than in mammals. They are 
largest of all in certain amphibians (amphiuma, prole'll^. 

Red blood-corpuscles, like all discs, tend to go into rolls or 
rouleaux. This is exaggerated in inflam mation . 
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' The FragiUty of the Red Blood-Corpuscles. — If red blood- 
corpuscles are placed in distilled water they rapidly 'take up water 
by the process of osmosis, swell, burst, and discharge their 
haemoglobin Qiosmglysis). If placed in isotonic saline solution 



Fia. 129. — Red corpuscles in rouleaux. The 
white corpuscles are uncoloUred. 



Fig, ISO.— Corpuscles of the frog. The 
central mass consists of nucleated 
coloured corpuscles. The other cor- 
puscles are two varieties of the 
colourless form. 


they ^are unaffected, but the extent to which they withstand sj 
, hypotonic solution varies very much especially in disease. Venous ] 
' blood cells, as they contain more- chloride, are more I 

/ fragile than arterial cells. (See also p. 344.) ^ 

' ■ The normal fragility may be determined by exposing ^ ^ 

the cells to sodium chloride solution from 0-25 per 
cent, to 0'75 per cent, and counting the number of of hypertonic 
intact red cells , which are present after half an hour (crenation)!*"'’ 
(see below). ITormal cells begin to hsemolyse at .0:48- I 

p^r^cent. and are completely hfemolysed at 0'33 per cent^ but | 
in acholuric.jaundice there ..may be htemolysis even at 0‘7 per cent. ■ 
Strong salt solutions cause cfenation. 

Dilute acetic acid causes the nucleus of the red bfood-cells in the frog to 
become more clearly defined; if the action is prolonged, the nucleus becomes 
strongly granulated, and all the colouring matter seems to be concentrated in it, 
the surrounding cell-substance and outline of the cell becoming almost invisible; 
after a time tlie cells lose their colour altogether. A similar loss of colour occurs in 
the red corpuscles of human .blood, which, however, from the absence of nudci, 
seem to disappear entirely. , ■ 

The Mean Corpuscular Movement is of importance in disease. 
Bis the volu me of the red cells in c.c. per 1000 c.c. normally 
~ ^ red cell count ^ 

about 87 cubic microns (c/n). 
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'The_ Number of tbe Red Blood-Corpuscles. — The average 
nruaher.of red'Corpuscles is about S^OOOjOpO per cubic nnlUmetre of 
blood in men and about ^^00,000 in women; These numbers, however, 
are subject to' considerable variation, jin America the number tends 
to be appreciably higher. An increase occurs whenever the indi\ddual 
is subjected to conditions of oxygen-want, such as life at a high 
altitude or in diseases in which the circulation is . slowed. In such 
circumstances the bone-marrow (see "^below) becomes very active! 
A fall In the number of red corpuscles occurs when there is an 
ibnormal destruction of corpuscles in disease or inadequate production, 
ihd temporarily after haemorrhage. 

Haemoglobin Content of the Blood.— fFrom what has 
said in relation to Respiration /it is evident that the amount of 
hsemoglobin in the blood is of considerable importance. Like_the 
number of corpuscles, it varies very much according to the efficiency 
of the circulation and the quality of the air breathed. In man the 
haemoglobin content may be three times the usual amount if the 
circulation is very inefficient. The content is expressed as a per- 
centage of* an average blood which is capable of carrjdng 18;5 c.c. 
of oxygen per cent, {ix, a blood which contains 14 per" cent, 
haemoglobin). Such a blood is said to contain ''TOO per cent, 
haemoglobin.” ' This estimation gives a rough idea of the oxygen- ' 
carrying power of the blood,, but there is, as shown by M'Carthy. 


and others, diurnal variation amounting to as much as- 7 per cent.* 


More recent and accurate determination,; which, however, requires 
more elaborate apnaratus^ puts the figures at about iru per cent.' 
haemoglobin and SO^CiC: of 'oxygen per cent. From the enumeration 
of corpuscles and the haemoglobin estimation the colour index, or 
amount of , haemoglobin per corpuscle, may be determined. Thus, 
if there is 100 per cent, i.e, 5,000,000 red blood-corpuscles and 
100 per cent, haemoglobin the colour index is said to be 1; if the 
haemoglobinometer gives only 50 per cent, each corpuscle contains 
only-half the amount of haemoglobin, ix. the colour index is 0'5, 

^. Factors affecting the Hsemoglobin Content. — ^These are the 
number of red blood-corpuscles and ',the amount of haemoglobin 
in each. A fall in either will. obviously bring about a fall of total 
haemoglobin, although when there is a deficiency in- corpuscle 
formation, as in pernicious anaemia, there may be a compensatory 
rise of colour index and the fall of hsemoglobin is not then so low 
as the corpuscle count would lead one to expect. 

By far the most important cause of low haemoglobin values is a 
deficiency of jxiuiin the diet, and this is particularly liable to occur in 
women whose requirements are gi'eater than those of men because of 
their periodic loss of blood. Small amounts of cogpni:.are also needed. 
The factors affecting the numbers of corpuscles are given on p, 327- 
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' • Methods. 

Enumeratiox of the Red Blood-Corpuscles. 

Several methods are employed for counting the blood-corpuscles : most of them 
depend upon the same principle, i.e.^ the dilution of a minute volume of blood with, 
•a given volume of a saline solution ^^'similar in osmotic concentration to blood-plasma, \ 
so^ that the size and shape of the ' corpuscles are altered as little as possi ole. A' 
minute quantity of the well-mixed solution is then taken, examined under the ' 
microscope in a cell of known capacity, and the number of corpuscles in a given 
area of the cell is counted. Having ascertained the number of corpuscles in tlie 
diluted blood, it is easy to calculate the number in a given volume of normal blood. 

The apparatus most frequently used at the present time is known as the 
Thoma-Zeiss hasraacytometer. It consists of a carefully 
graduated pipette, in which the dilution of the blood is made ; 
this is so formed that the capillary stem has a capacity 
equalling one-hundredth of the bulb above it. If the blood is 
drawn up in the capillary tube to the line marked 0 '5 (fig. 1^^2) 
the saline solution may afterwards be drawn up the stem to 
the line 101. This gives a dilution of 1-200 as the last 1 does 
not mix. The blood and the saline solution are well mixed by 
shaking the pipette. The other part of the instrument 
consists of a glass slide (fig. 133) upon which is mounted 
a covered disc, m, accurately ruled so * as to present 
one square millimetre divided into 400 squares of one- 
twentieth of a millimetre each. The micrometer thus 




Fig. isi 


made is surrounded by another annular cell, c, which has 
such a height as to make the cell project exactly one-tenth 
millimetre beyond w. If a drop of the diluted blood 
is placed upon and c is covered with a perfectly fiat 
cover- glass, the volume of the diluted blood above each of the 
squares of the micrometer, i.e. above each will be 
of a cubic millimetre. pive large squares {i.e, 5x Ifi small) 
are counted and the average per small square taken ^by’ 
dividing by 80. [yThis number multiplied by 4000'7ind again 
by 200 to allow for the dilution gives the number of 
corpuscles in a cubic millimetre of undiluted' bloody i.e. 

, , X 4000x200 

where x = the number in five large squares, ^ x . 

oO ' 



Fio. 132. — The pipette 
of a Thoma-iieiss 
licem a cytometer for 
red blood corpuscles. 


In actual practice it will be noticed that no arithmetic is necessary, 0000 simply 
being added to the number found in the five large squares. 


*' / Enumeration of the White Blood-Corpuscles, 

I 1 

The enumeration of the colourless corpuscles depends on the same principle, 
but the counting has to be carried out over the whole square millimetre. 
The blood is diluted (1-20) in a similar special pipette with dilute acetic acid to 
hmmolyse the red blood-corpuscles and a stain is usually added. Since the 
dilution is 1-20 and the cubic capacity of the area counted yV, of a cubic millimetre, 
multiplication of the number counted by 200 gives the number of white corpuscles 
in the whole cubic millimetre. 


* Hayem’s solution has HgCIo as an antiseptic and Na^SO^. 
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Differential Count, —The differentiation of the varieties *of colourless corpuscles 
(which is most important from the standpoint of disease) can be accomplished after 
the appropriate staining of blood-films. Five hundred white blood-corpuscles are 
counted and the percentage of each variety calculated. 


EsTOIATIOK of HiEMOGLOBlK. 

One type of hasmoglobinometer, that of Haldane, consists of two tubes, one of 
which contains 20 cub. ram. of standard blood (see below) laked and diluted to 
200 . A little distilled water isi placed in the other tube, which is graduated, 
and 20 cub. mm. of the blood (measured in a pipette) being estimated is added. * 



- Fio. 1S4. — The Gowers-Haldane Hffmoglobmometer. 


Tin’s is diluted with distilled water* till the colours are alike and the dilution is read 
off. If, for example, the colours are alike when the dilution has only been 50 
(instead of the normal 100), the blood contains only 50 per cent, of the normal 
haemoglobin. Commonly, the standard used is a carmine jelly of the same tint as 
normal blood (Gowers), but since this is liable to fade, normal blood the haemoglobin 
of which is converted into carboxy-haemoglobin is used (Haldane), but in this 
instance carbon monoxide (coal-gas) must be mixed with the diluted blood 
under in vestigation. The blood used in the Haldane standard is capable of carrying 
18 5 per cent, c c. of oxygen per 100 c.c. of blood. 

Ilcemoglohin Standards . — In all researches attention to details given in a special 
report of the Medical Research Council, 1912, B M.J ^ p. 209, and the use of a 
properly standardised hsemoglobinometer is most essential. 

The colour of the standard should be checked against blood capable of carrying / 
18*5 c.c. per cent, of oxygen or containing 14 mg. of haemoglobin per 100 c.^. 

> of blood. \ ^ ' 

Ori^n of the Red Blood-Corpuscles.-rjS urrounding the early 
embryo is a circular area, called the vascular area, in which the first 
rudiments of 'the blood-vessels and blood-corpuseles are developed.-j 
' Here the nucleated embryonic cells of the mesoderm, from which' 


* The addition of a very minute quantity of NH 4 OH keeps the haemoglobin in 
(■ solution and is better (Haldane). 
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the.bloodrvessels and corpuscles are to be formed, (send out processes 
in various idirections, and these, joining together, form an irregular - 
meshwork.! From some of these endothelial /cells the first red 
blood-corpuscles, known as ^galoilasts, are developed hut, they are 
nucleated aud ’larger than adult corpuscles/ j Next ajppear the 
erythroUasts!-^flaich have nuclei with fine chromatin network, and 
later the ' normoilasts in whose deeply staining (with basic dyes) 
nuclei the network is now absent. Non-nucleated cells now appear, 
And as their cytoplasm has a network which stains with cresyl blues" ' 
'they are known as reticulocytes. These cells give way to the adult 
cells but, readily appear again if there is any severe call on the 
blood-producing areas. Haemoglobin is added at the erythroblast 
stage. ./In severe cases nucleated cells may also reappear. ' See 
-•Summary on p. 334. Eeferences — Sabin, 1928; Eous, 193^.' 

In the foetus the liver and spleen take part in blood foYmation, 

( but in the adult it^ is confined to the. red bone-marrow. The long 
y bones do not, however, take part normally except in early life, but in 
an emergency the yellow marrow rapidly becomes vascularised and 
takes on the function of blopd formation. 

I . It has now been clearly shown that the stomach and liver, are 
concerned in blood production in another way. It was found by 
Whipple that dogs would recover from being bled more rapidly than 
normally if fed on liver. 

Castle has shown that Brunner’s glands and corresponding ones 
in the pylorus produce an “ intrinsic factor ” which is somewhat like 
■ an enzyme. It acts upon an “ extrinsic factor ” in the food which 
forms a substance necessary for blood production. This substance 
• is stored' in the liver. When the stomach factor or the pyloric 
/ ,^region is removed megaloblasts fail to mature. 

factors affcctinf the jiu'inber of red hlood-corpuscles are of‘y;^ 
considerable practical importance in relation to antetiiia. They are : — ' ' 


(1) Hfemopoietic factors, extrinsic and intrinsic, which are 

affected by the state of the stomach and liver. 

(2) Vitamin 0 in the diet. 

(3) Thyroxine from the thyroid gland. 

(4) Iron, and copper for the hjemoglobin. 

(5) The state of the bone marrow. 

(6) The speed of destruction of the cells. 

(7) The presence of chronic sources of blood loss, notably 

excessive menstruation in women, ulcers of the alunentary 
canal, or bleeding htemorrhoids (piles). 


Lack of 1-6 of these factors, leads to different varieties of 
anmmia or, blood defi.ciency. v The possible sources offiron in nature 
are discussed in a later secti^mon Diet., The successful treatment 
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of pernicious anemia, for long a fatal disease,* with liver and its 
extracts and later with extracts of stomach, is a tribute to the 
value of experimental physiology in the alleviation of suffering/ 

The Fate of the Red Blood-Corpuscles. — The Tact that the 
pigments of bile and of blood are chemically related has ^ long 
suggested that the former are derived from the. latter, and other 
evidence has indicated that the red blood-corpuscles have, like all 
other cells of the body, a tolerably definite term of existence, 
estimated, at about three to four months, f after which they die and 
are replaced. This is suggested* by the fact that blood is constantly 
being formed, and red cells in the process of breaking down have 
been observed in organs such as the spleen. The evidence appears 
to indicate that the breakdown of the corpuscles occurs for the most 
part as a simple mechanical result of wear and tear (Eous) and 
we know that such fragmentatioTi is very liable to take place 
ill artificial perfusions with pumps. Some idea of the duration 
of the life of the corpuscle can be obtained by calculating the 
number of blood-corpuscles which would be sufficient tO’ supply 
pigment for the amount of bile secreted daily. This view is supported 
by the fact that stored blood loses a number of its qualities after 
about a month. Its corpuscles begin to disintegrate and the plasma 
develops a toxic substance with a peptone-like and choline-like 
action (Gilding). In diseases involving blood destruction the 
presence of the iron-containing pigment haemosiderin which accumu- 
lates in the liver and spleen is readily demonstrable by the 
Prussian blue reaction. 

The broken-down red blood-corpuscles are taken up by the 
reticiilq^mdofhcUal system which, as we. shall sea'i separates 'and sets 
free into the blood-stretm the pigment and the iron. (See Eous, 1923.) 

Reticulo-Endothelial System (Aschoff) consists of cells scattered 
widely in different regions. Some of the cells are wandering cells, 
such as the clasmatocytes of the connective tissue and the 
mononuclear cells of the Hood and spleen ; others are sessile, for 
example the stellate^cells^pf .Kupffer, which constitute an imperfect 
lining for the hepatic capillaries. lOther sessile components of the 
reticulo-endothelial system are the endothelium of the lymph^sinuses 
and splenic sinuses and that of the capillaries of the bone-marrow 
and suprarenal glands, and the branched reticulum cells of the bone- 
marrow, lymphoid tissuer spleen and thymus. Eeticulo-endothelial 
cells possess in common the property of ingesting particles such as 
cell-debris and bacteria ; for this reason they are called macrophages 
(in contrast to the microphages or polymorphonuclear leucocytes). 

In addition, they have the closely related power of taking up 

\ 

^ Pernicious anaemia is brought about by chronic inflammation of the stomach. . 
t The older \iew was only thirty days. . ' 
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foreign cblloids, such as Indian ink. An important function 

attfibuted to these cells is the formation of bilirubin. . from 
hsemoglpbin. (See Sacks, 1926.) , " ' ' ^ 

Wliy or how the red cells break down is not yet known, but 
once they are broken down, the freA. blood p igment-^s eonveyteci 
int o, bile pi gment by the Kup ffeT cdls . Tliis .is shown ' by ’ the 
"fact that if blood " pigment is injected into the circulation or if 
haemolysis of the red cells is caused by arseniuretted hydrogen 
bile pigment appears in the blood, but not so if the reticulo- 
endothelial system has been thrown out of action by previously 
making it take up other foreign matter such as a colloidal substance 
or by removing the majority of the Kupffer cells in animals where 
they are chiefly situate.d in one organ, e.g. the liver of the bird.; 

It is not to be imagined that blood destruction and bile formation 
occur only in certain organs. They probably occur in all organs, 
and in the colour of an ordinary bruise we have in reality ■ the 
formation of bile pigment locally. We shall trace tliis pigment 
further in relation to the bile.i 

The simplest method of clemonstrating the tictivity of the 
reticulo-endothelial svstcm is that of Gilding. A white rabbit is 
injected with Indian’ ink. Almost immediately ,its skin, ears and 
mucous membranes are black. After about ten-minutes the blackness' 
disappears and when a post-mortem is now made the liver, spleen and 
bone marrow will be seen to have become black. Histological sections . 
show the accumulation of the ink in the reticulo-endothelial cells. 


' The White Blood-Corpuscles. — These corpuscles are masses 

I of nucleated protoplasm; they are nearly spherical when at rest, 
but owing to their amoeboid» movements (see p. 7) exhibit con- 
siderable changes in outline when they are active, as they are 
at body temperature. They are also known as leucocytes^ (See 

Bunting, T922)Q^>-(,-.,-, f-ri -, ■ - * S ' 

A'dArA- '-Ili^numher'bf'white'blood-corpuscles varies at different times of 
the day (Bernard Shaw). In the morning or after a rest in the 
horizontal position they are about 6000 per cub. mm..JbBt-.hicrease 
.after midday. Tbev-are Jner eased b y activity, -by a -meal, after the 
injection of adrenaline, and in asphyxia ;; indeed, the determining of 
the rise in the numbers of wliite blood-corpuscles during rebreathing 


from a simple rubber bag might be used as a test of the availability 
of such cells (McDowall),' They ma y be enormously. -increased .in - 
” most infections {e.g. J^j00.0— in— pneimionia). /if, indeed, they do 
not so increase, the' forecast for the recovery mf the patient' is not 
good, i In a few infections^ they are depreased {e.g. influenza). (See , . 
Garney and Bryan, 1935.) y-i i-a c 

^ Several varieties of colourless corpuscles, are found., in huma^ 
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.two main groups, agranulocy tes, i.c. without granules, 
and OTanulocytes, those with granules in their cytoplasm. • 

/ ^^^/Agranulocytes — (a) Lymphocytes ,-. — These are only a little larger 
^han red corpuscles. ThejQunleu8_is,.relatively_large, and usually 
round ; the protoplasm around it forms quite a narrow zona The 
nucleus, as is tha case with all nujdeij-is^basophile; and stains^with. . 
such basic .dyes as methylene blue. The protoplasm--.presents..no 
distinct granules -and. is. also JbasophileT'r'TEe lymphocytes comprise 
'abouV25-j6 per cent, of the totahcolourless corpuscles. This variety 
of corpuscle is much increased in chronic infections, c.y tuberculosis., 

(J>) Large mononuclearSyMono.cytjcs^ — reJai;ivnly-BmalLdiralmuchu^ 
^lics near the centre of basophile protoplasm, which again presents 
J^o definite granulation... Their diameter is J.2-20 />t,*and they form 
only 1 per cent, of the total colourless corpuscles. This variety is 
^gmmdiily increased in protozoal infections, e.g, malaria. 

Transitional The cell-body Is somewhat" smaller 

and is mainly basophile. A certain amount of neutrophile granula- 
tion may be seen. The nucleus may present aU gradations between 
an oval and lobe'd condition. They are very rare (about 2 per cent.). 
They were called^ transitional on the doubtful hypothesis that they 
represent an intermediate condition between the large mononuclear 
leucocytes and the polymorphonuclear leucocytes described below. 

Granulocytes.- — These are all really polymorphonuclear, but the 
latter term is by convention confined to the "neutrophils. 

(1) Polymoiphs , — These are 9-12 p, in diameter, and form the 
main mass of the colourless corpuscles (55-70 per .cent.)^ They have 
several nuclei, which are strongly basophile and present many difierent 
shapes', and are usually connected by threads of chromatin. The 
protoplasm i^lmely., granular, and stains with neutral, and faintly 
\vith acid aniline dyes (such as eosin). In certain pathological 
conditions — for instance, in diabetes mellitus — the cell-protoplasm 
contains excess of glycogen. The poljnnorphs are greatly increased 

in most acute infections. / 

(2) Eosinophils . — ^These are usually larger than the prec^ng 
(12-15 p in diameter). They contain either a single irregular- 
shaped nucleus, or more often two n rJLthree nuclei. of_ unequal 
size. Their protoplasm contains large distinc t granules wliich have 
an intense affinity for acid dyes, such as eosin, and are therefore 
termed oxyphile, acidophile, or eosinophile. They are stated to 
be less actively amoeboid than ^the pol}nnorphonuclear leucocytes. 


Tliey comprise from 2 to 4. per cent, of the total Colourless corpuscles. 
They are increased in anaphylactic states produced by the injection 
of foreign protein, in asthma, and especially in infestation with 
animal parasites, but the reason for these increases is unknown. 

(3) Basophils , — These cells are present in connective tissues 
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generally, but they are very rare in normal blood. Less than 0-6 per 
cent, is usually present. They measure about 10 /x across; their 
nucleus is ‘ single and irregular in shape. The granules in the 
protoplasm are much more basophile than the nucleus. 

Phagocytosis.— The most important outcome of the amoeboid 
r j;movement of the colourless .corpuscles is their power of ingesting 
foreign particles, such as bacteria, which they engulf and digest 



Healthy bacillus, 
partially digested bacillus. 


Partially digested leucocyte 
Nuclei vacuolated 



— Nucleus. 

— Bacillus In leucocyte. 

L- Partially digested leucocyte. 

. Foreign matter. 


Foreign matter ^ 

Leucocytes-^ 

Fiq. 185.— Phagocytes containing bacilli and other structures undergoing digestion. (Buffer.) 

//* 

This is oaUed phagocytosis.' polymorphonuclear leucocytes, 
which are the most active ’^phagocytes, contain a ‘trypsjnjike, 
OTzyme which digests jprotein in 'a neutral or faintly acid medium. 
.If~it diffuses” out in small quantities it is destroyed by an anti- 
enzyme in the plasma but in large quantities it digests tissues to 
form pus. (See Mudd, M'Cutcheon, and Luckd, 1934.y 
' -The Blood-Platelets, — ^Besides the two principal varieties of 
wlSod-corpuscles, a third kind has been described under the name 
blood-platelets. These are colqurlessTiisc-shaped or irregular bodies, 
much smaller_ than- -red' icorpuscles. Different views are held about 
their origin. There is, however, no doubt that they do occur 
in living blood, and are possibly shed off from pells such as the 
megakaryocytes (giant-cells) of the marrow and spleen. They .show- 
no amoeboid movements. Their importance in relation to the 





Particles of foreign matter. 

Particles of foreign matter. 
.Particles of foreign matter. 
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'Coagulation of the blood has already li'een pointed out': ' The hbrihai' ''' 




number of platelets per cubic millimetre varies but averages 
about 250,000. - ^ ' 

^^Origin of the White Blood-Corpuscles (in t he A dult). — The 
lymjyJiocytcs are formed' in lymphoid . tissue wherever “this is foimd 
(l}hnphatic glands, ~tbhsils, etc.); the. lymph leaving a lymphoid 
structure is thus found to be richer in lymphocytes than that 
entering the structure. The lymphocytes enter the blood-stream 
by the thoracic duct and the right lymphatic duct. In the cortical 
follicles of lymphatic ;glands, the clearer central portion called the 
''germ-centre,'' where active karyokinesis occurs, is thought to be 
the actual seat of formation of lymphocytes. The large lymphocytes 
of the blood resemble the cells of the germ-centres. 

The polymorphomiclear leucocytes are developed in the red marrow 
of the bones from the myelocytes, ;The latter are rounded cells the 
cytoplasm of which contains neutrophile granules : their nuclei are 
rounded and but poorly marked off from the cytoplasm'. The 
myelocytes are tlie most abundant cellular constituent of the bone- 
marrow. :In various infective diseases, e.g, pneumonia, there is a 
great increase of leucocytes in the blood (leucocytosis) ; this is 
associated with proliferation of the myelocytes in the marrow and’ 
some may be swept out in the immature state into the blood-stream)/ 
Certain of the myelocytes contain coarse granules; in some the 
granules are eosinophile and such eosinophile myelocytes are the 
precursors of the eosinophile leucocytes) whilst in others basophile 
granules are present and these hasophile myelocytes give rise to the 
hasophile cells of the blood. 

The origin of the large-mononuclear leucocyte is involved in the 
mists of controversy. According -to one view it arises from the cells 
of the reticulo-endothelial system (see p. 361),;^!^' in favour of this 
hypothesis is the fact that in an animal inje^fed with a foreign 
colioid, such as colloidal silica, the cells of this system, e,g, the 
Kupffer cells of the liver capillaries, seize on the colloid with 
avidity, swell up and divide, one product of division passing intoX 
the blood-stream as a cell resembling a mononuclear leucocyte.*] 
According to another view, however, tins .class,_ ,o.^ Jeucocytc'^ia/ 
developed from the myelocyte, ^e transition forms are 'probably 
to be regarded as related to the large mononuclears; it is no longer 
believed that they represent an intermediate stage between these and 
polymorphonuclears. (See Summary on p. 334.) 

' In determining whether leucocytes have arisen from myelocytes 
or from other cells, use has been made of the peroxidase reaction. ^ 
Marrow cells are ^believed to contain peroxidases, so that when they 
are acted on by a mixture of benzidine and hydrogen peroxide, blue 
granules become visible in their cytoplasm. Such granules can be . 
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demonstrated in polymorphpnuclears and eosinopMles, but not in 
lymphocytes and slightly in large mononuclear cells. The basophiles, 
although undoubtedly of' marrow-origin, fail to show blue granules in 
their cytoplasm' ' 

‘Movements of the White Blood-Corpuscles. — If a small 
'■^/yj|plood-vessel slightly larger than a capillary is observed under the 
cS«microscqpe,\£ay in the web of the frog’s foot, white blood-corpuscles 
may bfe seeh'lolling along the wall of the. vessels. There' seems 
little doubt that they can pass through the walls of tlie capillary, 
and have a remarkable power of accumulating at a point of injury 
or bacterial invasion. If a section is cut across a small boil a 
region thickly packed with white blood-corpuscles is seen sur- 
rounding the infected region and shutting it off from the rest of 
the body. ( We have already noted that white cells and phagocytic 
cells arp very alike, if not identical with those found in areolar 
tissue.: 

Leucocytes if placed on a warm stage may be, seen to make 
amoeboid movements. They change their shape by throwing 
out processes known as pseudopodia like those of an amoeba. First 
one and then another of these processes is thrown out and this 
is followed by a movement of the cell body as a whole. The exact 
cause of the movement is quite unknown, but there se.ems little 
doubt that its direction is affected by chemiotactic influences. 


-V?. 


Chemistry of the Blood-Corpuscles. 

The "White Blood-Corpuscles. — Their nucleus consists of nuclein, 
^tneir cell protoplasm yields proteins belonging to the globulin and 
nucleo-protein groups. The protoplasm of these cells often contains 
small quantities of fat and glycogen. 

/The Red Blood - Corpuscles. — 1000 parts of red corpuscles, 
contain — 

\ ' 


Water . . . 


688 parts. 
303*88 
8-12 „ 


One hundred parts of the dry organic matter contain — 

Protein (excluding haemoglobin) 6 to 12 parts: 

Haemoglobin . . . . . . • , 36 to 94 „ i 

Phosphatides calculated as lecithin . . . ... 1*8 ' 

Cholesterol , . 0*1 

The protein present appears to be similar to the nucleo-protein 
of wliite corpuscles. ‘The mineral matter consists chiefly of chlorides 
of potassium and sodium, and phosphates of calcium and magnesium. 
In man and most other, animals potassium chloride is more abundant 
than sodium chloride. . 


OEIGIF OF BLOOD CELLS 
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Tlie Blood Pigments or Heemocliromes. ^'v,P-...o 

In both the plant and animal worlds pigments plaj^ an important ’ 
part in the supply of oxygen. 

Hsemoglobin and Oxyhsemoglobin.— Pigments are by far the 
most abundant and important of the constituents of the red corpuscles. 
These are conjugated proteinsr a_ compound of the proteiu-globinl— 
with the complex iron-contain ing 'pigme nt hmm. which belongs. to 
the class o'f pigments "known'as^^rjiiLyrins which contains also the! 
green pigment of plants-^£blorQ^3lllC^and c ytochro me, the pigment’’ 
which is associated with oxidations in cells. These pigments, 
together with the bile pigments and other animal pigments which 
are derived from them, are sometimes known as the Pyrrole 
Pigments, as they are derived chemically from the simple hetero- 
ring compound pyrrole, C4H4N (see formula below). Some 
respiratory pigments, such as the 
green chlorocruorin of certain 
worms, contain iron,- but the 
hsemocyanin of molluscs and 
Crustacea contains copper. In 
the invertebrate animals the 
haemoglobin is not in the cor- 
puscles but free in the plasma. 

Hsemoglobin is the pigment 
which gives the red colour to the 
blood. When combined with 
oxygen (but not _o xidis ed ) it 
be^i3BsIIhi3amiliar_bright_red 
oxyhsemoglobin which has already 
been studied in relation to 

KeSpiration. The actual shade jgg_ — crystals of oxyhsemoglobin — prismatic, 

of red which blood assumes from human wood. 

depends on the proportion of 

hsemoglobin to oxyhsemoglobin, and, as we have seen, even venous 
blood contains a considerable amount of the latter. 

Crystals of oxyhsemoglobin may be obtained with readiness 
from the blood of such animals as the rat, guinea-pig, or dog ; with 
difficulty from other animals, such as man, ape, and most of the 
common mammals. The following methods are the best : — 

1. Mix a drop of defibrinated blood of the rat on a slide 
with a drop of water or Canada balsam'; put on a cover-glass ; in a 
few minutes the corpuscles are rendered colourless, and then the 
oxyhsemoglobin crystallises out from the solution so formed. 

2 . On a larger scale, crystals may be obtained by mixing the 
blood with one-sixteenth of its volume of ether;, the corpuscles 
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dissolve, and the blood assumes a laky appearance. After a period 
varying from a few minutes to days, abundant crystals are deposited. 

The shape of the oxyhremoglobin crystals in different animals 
varies somewhat, probably owing to the varying aruounts of water 
of crystallisation they contain. . ^ 

Hcem, the parent pigment chemically, ,is chiefly of academic 
interest but has the property of being very easily oxidised or reduced. 
It exists in both forms (see schema). The term hsem usually refers 
to reduced ha3m. In nature, however, it does not seem likely that 
it ever occurs free from globin. The globin prevents the oxidation 
of the hsem without interfering with its power to carry oxygen in 
loose combination. If the globin is thrown out of action in blood 
the luem becomes oxidised and methsemoglobin is formed (see belo.w). 
This occurs to haemoglobin crystals if they are stored. 

Haematin. — On addin g ant acid , or alkali t o haemoglobin, .jtjs 
teoken up into twn^^rts^ — a brown pigment called hcematin, which 
c ontai ns the.brigih al subst'ancer and globin. 

Haemoglobin disintegrating in the circulation is first split into 
globin and reduced haematin (ferrous) and is immediately oxidised 
to haematin (ferric) which in man combines with serum* albumin 
to form methaemalbumin. 

Haematin has the formula C34H33 „ ggOgH^re. ^ It presents dif- 
ferent spectroscopic appearances in acid and alkaline solutions (see 
accompanying plate). It may be reduced in alkaline solution by 
adding a reducing agent, and the well-marked absorption spectrum 
of redueed::^aem^n_or_h8^ forms the most delicate 

of the spectroscopic tests for blood pigment. Haemoclmomogen . Js . 
of a red^kur; haematin is brownish. 

Hemnochromogen"”!^ neutral " solution undergoes spontaneous 
oxidation to the ferric state of parahaematin. It was this fact that 
suggested that tjie function of tliF^trmJL globin in haemog lobinAs 
to prevent this oxidation. The reducing agent destroys this 
protecti^"“action bf the' globin by denaturing it. 

Hsemin is of great importance, as the obt^aining of this substance 
forms the bjest, chemical test- for blood.- The test is much used in 
medico-legal work. Haemin crystals may be prepared for microscopical * 
examination by boiling a fragment of dried blood with a drop of 
glacial acetic amcrsn^ slide^; on cboHhg^tnclinic * plates and p^^ 

TTf “ a dark“”brown colour, often in star-shaped -dusters and with 
rounded angles (fig. 137 ), separate out. In the case bf an old \ 
blood-stain it is necessary to add a crystal of sodium chloride. (, 
Fresh blood contains sufficient sodium chloride in itself. 

The action of t he ac etic acid is to split the hcernoglobin into 
hseiffatm ,^d;7gl9^^n ; a^^Jiydroxyl .group of the hcemXtin is then 
replacedj)y chlorine.^ , Z-j : ■ 
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The structure of hsemin has now been confirmed by synthesis 
and has been shown to consist of four pyrrole rings (dark in figure) 
linked together. The various haem differ in having different side- 
chains, G.g. while in the case of the bile pigments the iron is removed 
while the large ring breaks up to form a chain. 

From hsemin it is, possible to produce the parent pigment hcem 
(see schema below). 

^34238041^6, is iron-free hsematin; it may 


CH,0.==0. CH:CH2 

•'I I 


C//,C C.^ C.—CH 

I V I 

OT,C. 0, ! „ .C.—C.CH, 

N Fe — n 

HOOCCH^.CN.C. 1 *^0. O.CH.CH^ 

II /\ II 

HC c: C. CH 


' HOOC.CH^CH^C. C.C //3 

A suggested formula of hsemin (not to bo memorised). 


be prepared by mixing bkod with strong sulphuric acid ; the iron is 
taken out as fS?6u^SiIphate. found sometimes in nature; 

it occurs in certain invertebrate pigments, and may also be found in 




Fio. 1S7.-Hfemin crystals. (Frey.) Fio. ISS.—HiematoIdin crj'stals. 

(Frey.) 

certain forms of pathological urine. Even normal urine contains 
traces of it. It is isomeric with th e bi lirubin o f bUe. It presents 
different spectroscopic appe^ances according as it is dissolved in 
acid or alkaline media. The absorption spectrum figure (Eo. 9 ) is 
that of acid liaematoporphjTin. 
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Heemopyrrol is* formed by. reduction from hsematoporphyrin and 
proves to be a mixture of several pyrrol derivatives. Similar 
derivatives are obtained from chlor.ophyil, a fact which illustrates 
the near relationship of the principal animal and vegetable pigments. 

The relationships of the derivatives of blood pigment are shown 
in the following scheme in which those which the student usually 
prepares are given in dark letters. In more accurate work the 
starting point is usually haemin crystals prepared from blood. 


Haem 



Fio. 1S9. — Derivatives of hoem related to haemoglobin. Students are commonly expected to prepare 
and recognise the substances in large print. Hsem is reduced heem and hemoglobin is sometimes 
called reduced hremoglobin. 


Heematoidin. — This substance is found in the form of yellowish 
red crystals (fig. 138) in old blood extravasations, and is derived from 
the hfemoglobin. Its crystalline form and the reaction it gives with 
fuming nitric acid show it to be closely allied to bilirubin, the chief 
colouring matter of the bile, and on analysis it is found to be identical 
with it.. (See Bile.) 

Hcematoidin, like haematoporphyrin, is free from iron, but differs 
from it in showing no absorption bands in the spectrum.' 
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Compotmds of Heemoglobin. 


Hsemoglobin forms at least four compoimds with gases : — 


With oxygen 

With carbon monoxide 
With nitric oxide * . 


/I. Oxyhaemoglobin. 

\ 2 . 




Methsemoglobin. 

3. Carbon monoxide haamoglobin. 

4. Nitric oxide haemoglobin. 


These compounds have similar crystalline forms with the excep- 
tion of methsemoglobin; each co nsists.of-a-molecule of hsemoglobin ' 
com bine d with on e molecule , of- -the gas in question. They part 
with the combined gas somewhat readily ; they ate arranged in 
order of stability in the above' list, the least stable first. 

Oxyhsemoglo'biri is the compound that exists in arterial blood. 
Many of its properties have already been described in relation to 
Eespiration. 

We have seen that the oxygen may be removed by exposing the 
blood to a vacuum. The blood may also be reduced by passing 
hydrogen through it pr by addition of other reducing agents, such 
as ammonium sulphide or Stokes’ reagent (an ammoniacal solution 
of ferrous tartrate), or, best of all, sodium hydrosulphite. ^One gram me 
ofJaaemoglobin will -combine with 1'34 c.c. of oxygen. 

If any of these methods for reducing oxyhaemoglobin is used, the 
^bright_red (arterial) colour of 'oxyhaemoglobin changes to the darker 
(venous) tint of haemoglobin. On once more allowing oxygen to 
come into contact with the haemoglobin, as by shaking the solution 
with the air, the bright arterial colour returns. 

These colour-changes may be more accurately studied with the 
spectroscope, and the constant position of the absorption bands seen 
constitutes an important tpst for blood pigment. It will- be first 
necessary to describe briefly the instrument used. 

The Spectroscope. — MTien a ray of white light is passed through 
a prism, it is refracted or bent at each surface of the prism; the 
whole ray is, however, not equally bent, but it is split into its 
constituent colours, which may be allowed to fall on a screen. The - 
band of colours beginning with the red, passing through, orange, 
yellow, green, blue, and ending with violet, is called a spectrum , ; tins 
is seen in nature in the rainbow. 

The spectrum of sunlight is .interrupted by nximerous dark lines 
crossing it vertically, called Frauenhofer’s lines. These are perfectly 
constant in position and serve as landmarks in the spectrum. The 
more prominent are A, B, and C, in the red ; D, in the yellow ; E, i, 
and F, in the green ; G and H, in the violet. These lines are due to 
» certain volatile substances in the solar -atmosphere. If the light 
from burning sodium or its compounds is examined spectroscopically, 
it will be found to give a bright yellow line, or, rather, two bright 
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yellow lines very close together. Potassium gives two bright red 
lines and one violet line ; and the other elements, when incandescent, 
give characteristic lines, hut none so simple as sodium.* 

A convenient form of small spectroscope is the direct vision 
spectroscope, in which, by an arrangement of alternating prisms of 
crown and flint glass, the spectrum is observed by the eye in the 
same line as the tube furnished with the slit — indeed, slit and prisms 
are both contained in the same tube. 

If we interpose between the source of light and the slit a 
piece of coloured glass, or a solution of a coloured substance 
contained in a vessel with parallel sides, the spectrum is found to 
be no longer continuous, but is interrupted by a number of dark 
shadows, or absorption bands corresponding to the light absorbed 
by the coloured medium. Thus a solution of oxyhaemoglobin of 
a certain strength gives two bands between the D and E lines ; 
reduced haemoglobin gives only one ; and other red solutions, though 
to the naked eye similar to oxyhsemoglobin, will give characteristic 
bands in other positions. 

The Properties of Hesmoglohin. 

We have seen already the importance of haemoglobin in relation 
to respiration. We may now summarise its properties and it will 
be seen how well it is adapted to perform its functions. 

It has a peculiar affinity for oxygen, ‘as shown l^y its dissocia- 
tion curve, and just as readily gives it up. 

I t 'is. ^.amp hoteric, that is, it unites' with acids and alkalies. 
"When oxidis^ oxyhsemoglobin, in the red blood-corpuscles 

its re action is 7*4, and itjicts as^ai:^acid and combines with base. 

It takes up acids especially when reduced. This property, hQ we 
have seen, plays an important part in the carriage of carbon dioxide, 
but also is important in the maintenance of the reaction of the 
body generally. 

It is a precursor of t he bile p igment. 

Metheemoglobin.— As has been said, the globin prevents the 
oxidation of hcem by the oxygen of the air, but this occurs if the 
gldbih~^is~thrown out of action by adding a variety of agents 
especially piptein.precipitants_qr oxidising agents. JMethaemoglobin, 
a._Yery...dark. brown -pigment,. Ts_ thus formed. It is commonly 
produced by adding potassium ferricyanide or amyl nitrite to blood, 
and as it also may occur in certain diseased conditions and pass into 
the urine,, it is of considerable practical importance. 

Potassium ferricyanide. produces another effect as well, namely,^ 
it causes an evolution of oxygen, if the blood has been previously 
laked. In relation to respiration we have already seen that use is 
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1. Solar spectrum. 

2. Spectrum of dilute solution of ox3^hDc;mogIobin. 

3. „ „ reduced haemoglobin. 

4. „ „ carbon-monoxide haemoglobin. 

5. ,, „ acid hrematin in ethereal solution. 

6. „ „ alkaline haematin. 

7. „ „ meihaemoglobin. 

8. „ „ reduced haematin (haemochromogen). 

9. „ „ acid haematoporphj^rin. 


Face page 55-10 
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This oxygen is not removable by the 
of neutral gas such as hydrogen. It 
agent's such as ammonium sulphide be"*’ 
hemoglobin. Methemoglobin is of a brownSl^'l^ • 
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a characteristic absorption band in the red bet 

.lines (spectrum 7 in coloured plate). In dilute ^3 ).,n'! 

can be seen. , wons i 

Carboxyheempglobin may be readily prepared b 
stream of carbon monoxide or coal-gas through blood or a 

solution of oxyhsemoglobin. It has a pecuU aii-chp,rry-v^j^^Q^^^°^^^^^ a 
absorption spectrum is very like that of oxyhaemoglobin °b V” 
two bands are slightly nearer the violet end of .the ’sp^t 
(spectrum 4 in coloured plate). 'Eeducing agents, such* as ammonium 
sulphide, do not change it; the gas is more firmly combined than 
the oxygen in oxyhsemoglobin. JP-0=hBemoglobin„forms,_.cry8tala 
like t hose of ox.yha3moglobin. It resists putrefaction for a very 
long time. , 

Carbon monoxide is given off during the imperfect combustion of 
carbon such as occurs in charcoal stoves or dm’ing the explosions that 
occur in coal-mines ; it acts as a powerful poison, by combining with 
the hsemoglobin of the blood, and thus interferes with normal 
respiratory processes. The effects of the formation of carboxy- 
haemoglobin have already been discussed (p. 261). The bright colour 
of the blood in both arteries and veins and its resistance to reducing- 
agents, are in such cases characteristic. 

Nitric Oxide Haemoglobin. — When ammonia is added to blood, and then 
a stream of nitric oxide passed through it, this compound is formed. It maj’ be 
obtained in crystals isomorphdus with oxy- and CO-haemoglobin. )t also has a 
similar spectrum. It is even , more stoble than. CO-hasraoglobin ; it is not only of 
theoretical Importance as completing tlie series, but i S-of-Some_practical .interest in 
cases of p.oisoning.by,gas.liberated.from,bigh- explosives. 


The Origin of Hsemoglohin. — As has been said, ha}moglobin|, 
belongs to the class of pigments known as porpliyrins, and -contains '; 
iron.;, so also does the green chlorophyll of plants. Both are widel}' 
disposed in nature but not always in a form that can be utilised; 
but there is no 'evidence of this, for the bod-y-cannot-break..dowrL, the 
chlorophyll o^ eVen the, iron-containing .porphyrin, .hicm. Articles 
of '"diet" such as'liaip soup and black puddings made from blood 
are of no. value as sources of iron to the body. The exact source 
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of the pyrrole remains unknown but the globm _ is probably 

synthesised. ’ 

" If animals are bled, however, and given different foodstuffs 
iwe get an idea of the origin of the constituents of the blood - 
Igenerally, and from such studies it becomes evident that a nieat 
/;diet-is~best_-for..jrestoring..h®moglobin. For this, ._milk and its 
' derivatives . are of little, us e and ca rbohydrates valueless. Apri cots.. 
a nd sp inach are„the..best. foods of v^etable origin, although it is 
obvious that the herbivorous animals must obtain their htemoglobin 
from more usual sources. / Most of such investigation, has been 
carried out by Whipple and his colleagues in America on a standard 
ansemic dog which has had its total htemoglobin reduced to about 
a quarter of its normal by haemorrhage, and which is given a standard 
anaemic diet largely of carbohydrate to which the food under 
investigation is added, j To a considerable extent the value of foods 
(in tliis respect depends on the amount of iron they contain, although 
it is evident "^from the beneficial effect of drugs that the iron need 
not he in organic form. (See Iron.) Haemoglobin formatio n is 
restricted— by— infections . and this is onereason„.why..if prolonged 
they lea^to pallor of the face. 


, . ■ 'i o'' k Blood Groups. 

Ideally, the blood of another person is the best substitute for 
lost blood, but unfortunately all bloods are not compatible, but 
are liable to agglutinate or clump, and to haemolyse, each other, and 
so cause serious symptoms and even deatk 

Blood groups were discovered by Landsteiner in Germany in 1900. 

It has been found -that individuals can be divided into four 
groups, according to the liability of their cells to be agglutinated. 
For prac tical purposes we can ignore the serum of the donor, since 
it is so diluted by the blood of the recipient. We iave, therefore, 
to consider t he, effe ct of the serum of the recipient upon the 

corpuscles ofJEH^onor.. " 

' ' ' ‘Girdui^ or AB as-zthe-group.of.universal, recipients ; that is, its 
members can receive without causing agglutination cells of each 
of the other groups, but cannot give with safety to any but members 
of their own group. Individuals belonging to group 4 or 0, on the 
other hand, cannot safely receive blood from any but their ovm 
group. Their blood can, however, be given to any other group and 
they are therefore known as universal donors. 

Group 2 or A corpuscles afe'agglutihated by group 3 or B serum, 
but not by their own; while those of group 3jor B are agglutinated 

hv frrmiTi nr A RArirm Knf. arm in nnf. "hv fVimv 
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By having stocks of the serum of groups 2 or A and 3 or B, we 
can readily determine to which group any individual belongs ; 
since 1 or AB. is agglutinated by both, while 4 or 0 is not agglutinated 
by either. ^The tests are made by adding a little citrate to the 
unknown blood and mixing it with the standard sera on a' glass 
slide or in a small test-tube. The agglutination will occur in a 
few minutes, if at all, and may readily be seen with the low power 
of the microscope. 

Details of methods and the possible errors which may occur 


* Serum A 

Serum B. 

(= 0 ) 

r=a; 














= AB 


= A 


= B 


= o 


Fio. 140.— Diagram showing the effects of serums A and B on bloo’d cells of different groui's. 


are given in War Memorandum* of tlie Medical Eesearch Council, 
1942. (See also Weiner, 1943.) 

Thus, if the Mood, say of group 1, is injected into the blood 
stream or mixed with the blood of a recipient whose blood group is 4, 
it is’first agglutinated (that is clumped) and subsequently hsemolysed. 
The presence of these specific haemolysins and agglutinins in_ blood 
has led to the renaming of the blood groups, as indicated in the 
table on p. 344. The + indicates agglutinin and — its absence in 
serum.* , 

* The cells agglutinated are considered to contain an iso-agglutinogen. Thus 
group 2 contains A, and 3 has B. The injection of small amounts of incompatible 
blooa greaUy increases the incompatibility; 
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Group of Serum, i.«. recipient. 

Group of donor, 
i.e. cells. 

Percentape 

occurrence. 

1 

AB 

2 8 4 

ABO 

1 or AB, i.e. with no ngglutinin'o . 



— 

7 

2 or A, i.e, with agglutinin /3 . 

+ 

^ - 

40 

3 or B, i.e. with agglutinin a . 



10 

4 or 0, i e* with agglutinin a and p 


+ + “ 

43 


The numbered classification is that of Moss, which has now been 
largely superseded by the original of Landsteiner in letters which 
are indicative of the agglutinin content. heen 

,^ubdivided into Aj and Ag giving A^B and^iJS- ^The_subgrqup^ A^ 
differs^ f rom _ A j in ^that ,.it _ reacts much nwe jweai^ , in , 

high Ailu tions (over 1/16). 

(? ‘ When plasma only is being given the blood groups may be 

'i ignored as it becomes so diluted by the blood of the recipient. 

^ Blood groups a^e inherited and form, a basis for determining 
parentag^'arfd for studying racial distribution. Any given .child 
cannot have a parent who could not have contributed to his gi'oup. 
Thus parents who belong to 0 cannot have children of groups AB, 
A or B,,nor can two B's produce A children, and vice ^ersa, 

Rh Factor. — The presence of this factor was discovered by 
testing samples of human blood with the serum of rabbits into 
which had previously been injected the blood of a rhesus monkey.. 
It was found that irrespective of group- the bloodof some.SS.per cent, 
of humans was agglutinated (ie, Rh pp 3 itive)_and that of .15_per 
cent. Eh negative. !fhe transfusion of positive with negative subjects 
may "therefore produce reactions, especially if repeated as the 
negativity is increased. TheJactor is, inherited and its importance 
lies in the fact that the mother may by absorption become immune 
to the blood of the foetus and suffer from reactions if transfused 
after childbirth especially if the child suffers from erythroblastosis 
(excess of red cells commonly associated with jaundice). Patients 
suffering from other diseases may develop a self-immunisation. The 
presence of this factor emphasises the desirability of direct checking 
of blood before transfusion. 


' /- 


/ //y 




7 ^^ 




4 / r 


/'i- ft' 




ave already seen thatTrajinbiysis^'dr^lie red blopd-corpuscles 


takes place if they are exposed to distilled water, but they may 
be broken up in a variety of ways. (See Ponder, 1924 and 1934.)' 

■ ' ' 1. By hypotonic solutions (see Fragility above). ,, _ 
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2. By mechanical crushing. This is very liable to’ occur if 

blood is pumped outside the body. 

3. ^ fa^olvents. like chloroform. or_ether_which dissolve the 

cell membrane. 

4. By substances which lower surface tension such as bile 

salts _an d saponin. 

5. By diverse agents, e.g. al^nate_heat..,and..cold,.ultrar violet 

ra,ys, changes in reaction of surrounding medium, some 
'shake- venoms,' etc.' 

6. By specific hsemolysins. If th e_blocd.of_animal A is injected 

into aniin^ ^of__.another species, the blood of ^ develops 
specificTisemolysins and becomes capable of very rapidly 
destroying the corpuscles of A df, they are subsequently 
injected. ' ' 

(h. By natural hsemolysins as in the blood groups which are 
^ discussed below. Before actual haemolysis takes place 
there is an agglutination of the corpuseles.J* 

Tests for Blood. — Briefly, these are jnicroscopic, "spectroscopic, and 
chemica l, and it is well to remember that in testing for blood in the 
lasces in cases of suspected gastric or intestinal ulcer it is necessary 
to place the subject on a meat-free diet for a few days prior to the 
test. The best chemical test is the formation of hsemin crystals, but 
the spectroscopic test for hsemochromogen is probably the most 
delicate. Both are used in medico-legal work. The old test with 
tincture of guaiacum and hydrogen peroxide, the blood causing the 
tincture to become bluish green, is very untrustworthy, as it is. 
also given by many other organic substance^. _T he test, for instanc e, 
iA.giy.6n_by...iiiilk, and is there due to the presence of an enzyme 
called a peroxidase, which is destroyed by boiling. Boiled blood, 
however, gives the test as well as fresh blood, and the reaction 
is due to the presence of the iron-containing radical of haemoglobin. 
In Adler’s modification of this test, benzidine disso Jy.ed in glacial 
acetic acid takes the place of tincture of guaiacum. 

In testing whether or not a red fluid or stain on clothing is . 
of blood, in a medico-legal case, it is ad^dsahle not to rely on 
one test, only, but to try every means of detection .at one’s disposal 
To recognise blood is usually easy, but to distinguish human blood 
from that of the common mammals is possible only by the 
biolo g ic a l ’’. test. (See Specific Hoemolysins below.) 

The Storage of Blood and Blood-Piasma. — It is possible to 
.store blood at low temperatures for a few weeks, and this has been 
found very valuable for the emergencies of war time. It is 
apparently, safe to keep blood fov a month without any deleterious 
affects, but the reaf ter 3he~. .jbTder_. cor puscles die and. the_ oxygen-, 
carrying poweF7)f the blood is affected. Slowly metlkemoglobin is 
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GENERAL METABOLISM AND ENERGY EXCHANGES 

In general metabolism we consider the total amount of energy 
exchange which is going on in the body under varying conditions. - 
That these exchanges are associated with a consumption of oxygen 
proportional to the activity of the body was first recognised by 
Lavoisier in Paris in 1780. _ • 

Energy. — ^When the fuel in an engine’s furnace is burnt, there 
is no real destruction of matter, for the products of comhustion 
(COg, etc.) are equal in weight to the original fuel, jpZiis, the oxygen 
of the air which has entered into combination with it. During this 
combustion or oxidation, energy is liberated, and energy, like matter, 
is also indestructible though it exhibits transformations. In the 
unhurnt fuel the energy is latent or potential, but as the coal burns 
three forms of actual energy or force are liberated ; one of these is 
light, another is heat, and the third iBjne,chanical_ 30 _ox]c which makes 
the wheels go round. There is a fixed relationship between these 
forms of energy; heat, for example, can be transformed into 
mechanical work, but always in a definitely fixed proportion. 
Energy may be measured in terms of foot-pounds, horse-power, or 
in heat-units, as is done by gas companies and in physiology. - 

The Calorie * (the large calorie) is the amount, of, heat required 
to raise the temperature of one kilogram of water from 16" to .17° 
Centigrade, and the instruments which measure the calorific value of 
substances are called calorimeters. 

The data necessary for the study of the energy exchanges of 
the body are determined by the process known as calorimetry. 

The Bomb Calorimeter. — The heat of combustion of any of the 
food substances or of the excreta was originally carried out directly 
by an apparatus known as the bomb calorimeter. It consisted 
essentially of a chamber or bomb surrounded by a water-jacket 
in which the food was set alight hy an electric current in an 
atmosphere of oxygen. The heat produced could be calculated from 

• * The British Thermal Unit is 251-9 small calories and is the anaounlof heat 

required to raise ’ ohe pound of .water from 60° to eU F. A therm is 100,000 of 
■theseT'"'T'he"s"raall calorie' is a unit in which 1 gram takes the place of the 
kilogram (1000 grams) in the large calorie. 

847 . , 
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value,” i.e., the amount of heat produced by combustion in the body 
may be different from that produced when the same amount of the 
same food is burnt in a calorimeter. Incompletely burnt products 
of p rotei n metabolism- such as urea,'lincTci3' and “creatinine are; 
excreted in the urine and. fasces, and . a .small amount of heat is? 
required ■■ for “the solution of the protein and its products. When 
these are allowed for, the calorific value of protein is practically that 
of carbohydrate (Eubner). This is a fact which is not generally 
appreciated. The taking of proteins is ah unnecessary and very 
expensive way of supplying calories to the body although they 
have important values in other respects. No difference between the 
physical and physiological heat-values of fats and carbohydrates 
exists, provided, of course, that all the fat and carbohydrate in 
the food is absorbed. The -figures indicate that fat is a much? 
better source of energy than carbohydrate and that it is also the' 
better method of storing energy from the point of view of weight. I 
The energy transformed in the body is also expressed as heat. 
Other forms of energy, such as physical work, must also be taken into 
account, one small calorie being equivalent to 426'6 gram-metres. 

Methods of Studying Metabolism. — We may study metabolism 
or the burning of fuel in the body just as we may study the burning 
of food outside the body, that is, directly or indirectly. In the 
former,_we.-.fiiid the. amount of heat produced by the body* under 
var^ng^conditions-:..in. the latter, we find the amount of oxygen 
consumed in^_a_giyen_time_andrfronp our knowledge of the nature 
• of~the" fuel which is being oxidised in the body we can arrive at an 
idea of the aniount of heat .produced. 

The direct method consists of putting the individual or animal 
into a calorimeter. The heat produced indicates the rate of the 
general metabolism, but as has been said the difficulty of preventing 
loss of heat from such 'apparatus is so great that they have now 
largely been given up. They are, however, of considerable historic 
interest since aU the basal work was done with them. 

r The original calorimeter was invented by Atwater with the assistance of the 
physicist Rosa and improved upon by Benedict. It was capable of measuring 
a given amount of heat generated electrically with great accuracy. 

T/i 0 Atwater-Benedict Rfispiration Calorimeter {?ig. 142) consists of a room with 
non-conducting walls. Through this run coils of water-pipes, fitted \vjth metal 
discs. Only one of these tubes is shown in the figure (A). Any rise of the 
temperature of the room is at once biken up by the discs and communicated to 
the water. The whole of the heat production of the individual in the calorimeter 
is therefore spent in raising the temperature of the water. The amount of water 
whicli goes through the pipes multiplied by the difference in the temperature of 
the water as it enters and as it leaves the calorimeter, gives the heat output of' 
the person within it. This temperature is ascertained by the tlierraoinetersX F, T). 

la the food calorimeter it is possible to ensure the complete combustion of 
the substance placed in the chamber. It is not possible to ensure the complete 
oxidation of the food eaten. For instance, food may be retained and assimilated 
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With a gam of weight to the individual. This difficulty is met in the foMowine 
way. The air of the calorimeter is kept circulating through a' series of chambers 
in which the carbon dioxide and the water are absorbed, and subsequently 
estimated. As the oxygen is used up by the individual, fresh oxygen is admitted 
in known quantities. The urine and fasces are analysed as well as the air at 
the beginning and end of the, experiment. The following additional data ’are 
therefore for^coming; (1) the carbon,- hydrogen, and nitrogen given out bv 
the body ; (2) the oxygen taken in, and from these the amounts of protein fat 
and carbohydrate metabolised in the body, can be calculated. The apparatus 
combines therefore the direct and indirect methods of studying metabolisni 

In the calorimeter is a bicycle, the hind wheel of which is replaced by or 
connected with an arrangement, e.g. a dynamo or a band brake, by which the 
amount of work, dono can be measured. 


Water. — f 



Water. 


Double 

Window. 


Calorimeter 

CHAMBER. 


■ - - — 

^Air +Water + C02; deficient in Oxygen. 



Air minus COg and Water; deficient in Oxy^gen. 


Fio. 142. — The Atwater-Benedict calorimeter. 


Oxygen enters. 


. calorimeter is ako suppUed vnth a bed, actable, a chair, and a double 
^which food of known weight and coraposition can be supplied, 
so that an experiment may confanue over two or three days, and the e&ct of 
work, sleep, vanous diets, etc., can be studied. 


The Benedict ^ diffevential cctloviTncier^ now the only dirGct 
calorimeter used, is in some degree a simpler apparatus in which the 
giv'cn off is measured by finding the amount of heat (generated 
electrically) which must be supplied to keep the temperature of a 
control chamber up to that containing the animal or man. Both 
chambers are enclosed in a common outer chamber and differences 
m their temperatures are recorded electrically. 'This calorimeter 
IS less liable to be affected by accidental errors such as leakage than 
the Atwater-Benedict type, which it has generally replaced. 

Indirect Methods.^ — These are the most convenient methods and 
are extensively used in the investigation of disease. In all, the 
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amount of oxygen used in a given time is determined , and the number 
of ca lories produced calculated therefrom. 

Benedict's Metlibd is that most extensively used clinically; the 
individual breathes,' for a given time, to and from a spirometer 
containing pure oxygen, the carbon dioxide of the expired .air 
being absorbed by passing it through soda-lime. The oxygen used 
may then be read off directly from the spirometer. (See fig. 143.) 

The apparatus is essentially the same as that for the indirect 
calorimetry of foods except that the apparatus is larger and the 
oxidation chamber connected at X in fig. 141 is replaced by a 
suitable mouth-piece or head-piece. In the case of small animals' 
the oxidation chamber may be of such a size as to contain the 
animal. Such a method was origmally used by Haldane and 
-Pembrey, who calculated the metabolism from the increase of weight 
of the soda-lime. For man the indirect method niay be used in 
conjunction with the differential calorimeter described above. 

The Douglas Bag Method has the advantage of portability, and 
- therefore can be used while the subject is employed at a variety of 
tasks. In this method the expired air is collected in a Douglas 
Bag over a given period, say of ten minutes. A sample is analysed, 
usually by the Haldane method, and the volume obtained by passing 
the contents of the bag through a gas meter. The amount of oxygen 
consumed (usually 300 to 400 c.c. per min.) is obtained by subtracting 
the amount of oxygen foimd in the bag from that in the normal air. 
Several corrections for temperature and water vapour have to be 
made in making the actual calculation, but these need not concern 
us here. They are usually taken from tables. 

Having found the amount of oxygen, consumed in ten minutes 
by any of these methods, we calculate the calories produced in 
24 hours. This depends on the nature of the fuel utilised. It 
must be realised that this is not necessarily the fuel taken in by 
the mouth, but also that previously stored in the tissues. Tt ..has 
been determined by burning food in a limited quantity of oxygen 
that," if carbohydrate is beiog burnt, l^litr'e of oxygen produces- 
fi'CS' Caldries," if fat 4‘6 and if protein 'or a mixed diet 4'8. _Eor— 
'practic'al purposes the average may be taken as 5 calories, for 
■'the variation in the metabolism of an individual from causes such 
as nervous tension and muscular relaxation introduces such a large 
error that only- large variations are. of clinical significance. 

In more accurate research work it is necessary to take into consideration tiie 

COo £nven out , . , 

respiratory quotient (R.Q.)i — OTused ’ which gives an 

indication of the relative amounts of carliohydrate and fat being burned. The 
reason for'this Ts ‘as follows'. ’* If carbohydrate was being burned, c.y. glucose 
(C^HjoGg), all tlie oxygen lost would appear again as carbon dioxide (COj;) in the 
expired air, since the carbohydrate itself contains sufficient oxygen to oxidise' its 
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own hydrogen.' The respiratory quotient would therefore be unity and a litre of 
oxygen would have a heat equivalent of 5*05 Cal. 

If, however, a fat was being consumed, e.g. tristearin C 57 H 110 O 6 , oxygen would 
also be used in oxidising the hydrogen to form HoO. Thus, the amount of oxygen 
taken in would become larger than the amount of carbon dioxide expired and the 
respiratory quotient would become less than unity and the heat equivalent less 
than 5 , e.g, an K.Q. of v would mean that a litre of oxygen produced 4*6 C. 

On a mixed diet the R.Q. is about 0*82, and since protein is about the average 
its effect on the quotient need not be considered. 

The higher the respiratory quotient {i,e, the more carbohydrate i^ being used) 
the more heat is produced by a litre of oxygen. 

It is necessary also to introduce a correction for the oxygen lost in oxidising 
hydrogen and which is lost as water. If the expired air contains 4 per cent. CO 2 
and 16 per cent, oxygen the remainder, 80 per rent., must be nitrogen. Since the 
atmosphere contains 79*06 per cent. N, it is evident that more oxygen per cent. 

'80 ' 

must have been absorbed than appears, Le, 20*94 x — 7 ^;, = 21*19, from which the 


79*06 


amount of oxygen in the expired air must be subtracted in calculating the actual 
oxygen used. 

A correction must also be made in measuring the expired air for its increased 
temperature and water vapour, for all gases must be measured dry at O'^C. and 


760 mm Hg. This is usually done from tables. 






Basal Metabolism. — This is the metabolism |^hich is necessary ^ 
to maintain the essential functions when the individual^ is in a state O ' ; 
dT’inental and -physical rest; preferably asleep, \'during which work 
(internal work) is done by various internal organs to maintain life ' 
cardiac activity, respiration, body temperature, for example, ' 

be maintained. It varies with size, age, and sex, but for tliel 
average young adult it may be taken as 1700 calories. In certain f . 
conditions, notably hyperthyroidism, the*^ basal metebqlic rate, may / . 
be increased. ' ^ 

Small individuals and animals have a higher, basal metabolism 
pef^nit of body-weight thsCn large animals, as they have a relatively 
greate£-bbdy.,smface from which heatjs lost. ' 

For purposes of comparison metabolism is calculated in terms 
of calculated body surface which is weight 0*425 x height 0-725 X 

*007184. ' 

It is found that the average young man produces about 40 calories 
per square metre of body surface per hour. is about 1 calorie . 

per kilogram per hour. For practical purposes ft* ihay be noted that 
the basal metabolic rate is proportional to the heart rate in the 
same circumstances. (See Talbot, 1925.) The rate for women is 
slightly higher in young women and lower in older. 

The Metabolic Rate ^depends chiefly on the physicaf activity 
of the individual, as is seen by the following talile 


Man in bed 24 hours uses and requires 
(basal metabolism) 

In bed 8 hours, sedentary occupation for 
16 hours* .... 


1,680 large calories. 


yu- 


2,170 


GH. XXIII.] 


THE THYROID GLAND 


353 


Bed, 8 hours; in a chair, 14 hours’; 

walking, 2 hours 
Active outdoor life 

Eider in a 6 days’ bicycle race per day . 


2.500 large calories. 

3.500 ' ' „ 

10,000 


It can then be said that for a given subj ect the metab olic ra te i 
indicates the amount of body tissue in activity. 

These figures are of very great impoft 0 Lnce"sinee on the basis 
of them a nation may be rationed in time of stress and the diet 



Cubic 

cm. 

4000 


3500 


3000 


2500 


2000 


1500 


1000 


500 


5 

Minutes 

Fia, 14S.— A typical record of metabolic rate taken by a spirometer (see fig. 9S).* The dotted line 
indicates the increased rate caused by taking glucose (from records kindly supplied:by Gilding). 


of the individual adapted to his needs, which are indicated by liis 
metabolic' rate. Fuel must be supplied to replace that burnt, 
otherwise the_bQdy lyill^cpnsumejts. own stores and become wasted'] 
(See Diet below.) ^The first accurate experimental studies in such 
subjects were published by Liebig in 1842, but the foundation of 
all calorimetric wmrk was laid by 3[2il who in the latter half of 
the nineteenth century founded the Munich School. This was 
greatly extended by his pupil Eubner, subsequently of JIarburg 

* WiGi the more elaborate Benedict spirometer the position of the writing lever 
c<inses the record to read from below upwards. 


M 
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Of recent years such studies have been largely concentrated in 
Benedict’s laboratory in Boston, U.S.A, (See also Newburgh, 
Johnston, and others; also Du Bois, 1936.): 

1 The diet itself may affect the metabolic rate, particularly the 
amount of protein taken, for all food stimulates metabolism. This 
is known as the specific dynamic action of food , and is discussed 
further below.' External-cpW-alsp increases the rate< f . j" 

Control ' ii&taholic ' rate isl‘: . 

"controlled through the agency of certain ductless glands, especially.^ r'r 
the thyroid. , . f ^ f-i 

' i'' ' . •• •^*. 1 ..-- A i 

f (T^HE thyroid gland. • V 


The thyroid gland is situated in the neck. It consists of two 
lobes, one on each side of the trachea; these lobes are connected 
across the middle line by a middle lobe or isthmus. It. is highly 
vascular. 

The gland is encased in a capsule of dense areolar tissue. This 
sends in strong fibrous trabeculae, which enclose the thyroid vesicles — 
which are rounded or oblong sacs, consisting of a wall of thin 
hyaUne membrane lined by a single layer of short cyhndrical or 
cubical cells. These vesicles are ■ filled with transparent coUoid 
nucleo-protein material The colloid substance increases with age, 
and the cavities appear to coalesce. In the interstitial connective- 
tissue is a .capillary plexus, and a large number of lymphatics. 

Function. — It has been definitely established that the thyroid 
gland regulates the metahoUc rate, and in _the . young,, the growth 
of ^ the . body... This "conclusion has been arrived' at'by observations, 
both on man and on animals. 


The Effects on Metabolism. 

The Effect of Thyroid Deficiency {Hypothyroidism). — Tliis 
condition may be produced experimentally in animals; it may 
occur spontaneously, or be produced surgically in the human subject. 
The basal metabolism becomes very low and the outstanding 
feature is slowing down of mind and body. There is, as a result, 
an accumulation of fuel in the form of fat, the pulse slows, 
and in man there is peculiar degeneration of the subcutaneous 
tissues which has caused the condition to .be„.called . 

The face and hands become grossly swollen, and tlfis7 together 
with the accumulation of fat, makes the body very unwieldy. 
The skin is dry and scaly and the hair falls out. The mentality 
is dull and the patient answers simple questions very slowly. 
The condition is completely cured by the administration of extract 
of thyroid from other animals. (See fig. 143a.) 




>1. I and s. Amer. Mnh A^soc.) 
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When the condition occurs in a child the disease is known as 
cretinism, in wliich the subject is commonly an idiot and a dwarf, 
with’ all the characteristics ' of slowed metabolism. It was, indeed, 
the similarity between this state in the child and the state produced 
by surgical removal of the organ in man, which led to the discovery 
of the function of the glands, especially after Schiff the physiologist 
had demonstrated that surgical removal of the whole gland in dogs 
was followed by death. Nowadays, the whole of the gland is not 
removed. Cretins, which were usually the children of myxoedematous 
mothers, are now very rare. 

Nothing is more striking than the way in which cretins who 
otherwise would be idiots, under the influence of thyroid extract, 
grow into useful members of society. Here, as in the treatment of 
myxcedema, the results of experimental investigation (for the facts 
were not fully established until Schiff performed his experiments 
on dogs) have proved of the greatest service to mankind. 

The ' Effect of Thyroid Excess {Hyperthyroidism). — Tins occurs 
when the thyroid becomes excessively active in man, and rarely 
from excessive administration of the extract. There is an increased 
activity of mind and body. The nervous system is hyperexcitable, 
e.g. the reflexes are increased and there are fine tremors of the 
hands. It is this excitability which commonly draws attention 
to the state. The metabolic rate is markedly above normal; the 
individual uses up all his stores of fuel and becomes thin; the 
•heart rata becomes excessive; there is sweating. In ihan there 
is often produced a characteristic protrusion of the_ eyeballs, which 
has caused the name exojghthalmic goitre to be given to the condition 
(fig. 143a). This does not occur when the hyperthyroidism is caused 
by administration of the extract, but is produced in animals if 
the long-acting sympathetic stimulant ephedrine is administered. 
The protrusion of the eye is caused by the contraction of the smooth 
muscle in the connective tissue behind and around the eyeball. 
Death 'occurs from exhaustion, . especially of the heart, hut is 
prevented by partial removal of the organ or its destruction by 
X-rays. 

The success of such treatment furnishes complete proof that 
the disease is really due to the thyroid, but it has also been found 
that the blood of patients suffering from the condition has, like 
.thyroid extract, the power of protecting mice against the poisonous 
effects of aceto-nitrile (OHgCN). 

The Relation of the Thyroid to Growth.— -In young animals m 
which the thyroid has been removed, as in children in whom the 
thyroid is deficient, there is a marked retardation of physical and 
mental growth. 

The effect on growth appears to depend not wholly on metabolism, 
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but also on the relationship of the thyroid to the growth of 
cells. It is found that tadpoles fed on thyroid develop much more 
rapidly into frogs, although smaller than- normal, than do controls 
not so fed (Gudersnatch). Indeed, this is now a usual method for 
standardising thyroid extract. The Mexican axolotl, which in nature 
remains permanently in the tadpole stage, develops proper legs and 
becomes a land animal under the influence of thyroid. The adminis- 
tration of iodine appears to have a similar effect, which is probably 
due to' an increase in the ease with which thyroxine can be elaborated 
since the effect depends on the presence of the thyroid. 

The activity of the thyroid 'is closely linked up, as shown 
particularly by Marine, with the -metabolism of iodine, interference 
with the supply or absorption of which may lead to a form of 
thyroid disease known as simple goitre, which is a swelling of the 
gland due, apparently, to an accumulation of colloid material, but 
not necessarily associated with any symptoms. It is specially 
prevalent where chalk abounds, as in Derbyshire, and in many 
districts iodine is administered to children as a preventive measure. 
M'Carrison has shown that ' simple goitre - may be produced by 
infection and thus explained the occurrence of so-called goitre wells. 
He showed that if fishes so infected were placed in the middle 
of tlmee pools through which water flowed from one to the other, 
the fishes below were infected but not those in the pool above. 
Apparently’’ bacterial conditions may occur in the intestine, which 
interfere with the absorption of iodine and in such cases the goitre 
may be kept in check by the use of intestinal antiseptics such 
as thymol. He has also emphasised the role of the diet in the 
causation of goitre, especially of fats which tend to fix iodine, and 
a certain variety of American cabbage. Goitre is also produced by 
tlie injection of an alkaline extract of the anterior lobe of the 
pituitary body. Iodine will not, however, cure, the goitre of scurvy 
or a variety which is brought about by ligature of the pancreatic duct. 
Small doses of iodine are also found to be of definite advantage in 
exophthalmic goitre, but the effect is temporary. 


, Thyroxine. 

Long before the above facts were known it was realised that the 
thyroid gland contained iodine in varying amounts according to 
the diet of the animal. Delicate chemical methods have shown that 
many of the common articles of diet (milk, eggs, onions, carrots, etc.) 
contain this element in sufficient quantities for our needs. It has 
now been shown that the active principle of the thyroid contains 
iodine in conjunction with the amino-acid tyrosine, and it has 


OH. XXIII.] THYROXINE 357 

been .possible to produce thyroxine synthetically (Harington). Its 
formula is— 


HO.C; 


.1 I- 

I . • I 

C==CH C= 

C CH c- 

1 ^ ' 1 


=CH 
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-CH 


;C— CHo . CH . NH„ . COOH. 


This should be compared with the formula of tyrosine on p. 286. 
This constitution of thyroxine emphasises the importance not only 
of iodine but also of tyrosine in the diet. Thjnroxine is excreted in 
the bile. 

The action of thyroxine can apparently be antagonised by the 
pyramidine, thiouracil, a derivative of nucleic acid. 

The drug has now been successfully used for the alleviation of 
hyperthyroidism although it has no permanent effect on the condition. 
The use of thiouracil is not, however, free from risk. 


The Control of Thyroid Activity. 

The thyroid is probably th row n int o activity .by the sympathetic, 
since stimulation of this nerve or the injection of adrenaline causes 
a current of action to be produced in the gland, wHle if an animal 
is exposed to cold which increases sympathetic activity and the 
gland examined it is fotmd to be very active, as indicated by a large 
number of cells and a relatively small amount of colloid. It has 
been shown, too, that animals deprived of their thyroids die 
particularly readily from exposure to cold. It may therefore be 
considered that the function of the thyroid is to adjust the meta- 
bolic rate to the needs of exercise and bodj' temperature.' Increased 
secretion, _ho we ver, . has „ not yet been demonstrated. It has been 
claimed that some cases of exophthalmic goitre have resulted from 
fright, but the most suggestive experiments regarding the control 
of' the thyroid by the sympathetic are those of Cannon, who obtained 
the symptoms, of hyperthyroidism by anastomosing the phrenic with 
the peripheral end of the cervical sjunpathetic. The administration 
of anterior pituitary causes increased thyroid activity and growth 
and there appears to be an inhibitory control by the adrenal cortex. 


The Conservation of Energy. 

From calorimetric studies it becomes e\’ident that the Law of 
the Conservation of Energy is applicable to the animal body. 
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Tlie following table exhibits the relation between .the production 
and discharge of energy in twenty-four hours in the human organism 
at rest, estimated in calories. The table conveniently takes the form 
of a balance-sheet in which production and discharge 'of heat are 
compared; to ke^ Jhe body- temp erature normal these must be 
equal. The baSs of the'table in the’leff^hand'“‘(incdme) side is that 
recommended by Yoit. 


Production of heat. Largo 

Metabolism of Calories. 


Protein (120 gm.) . 
Fat (100 gm.) . 
Carbohydrates 
(=^333 gTn..starch) j * 


120 X 4 = 480 

100x9-4 = 940 

333x4*16 = 1385 


2805 


Discharge of heat. 
Warming 'water in food, 

2*6 kilos X 25 

Warming air in respiration, 

16 kilos X 25 X 0*24 
Evaporation in lungs, 

630 X 582 
Radiation, evaporation, etc., 
at surface, plus the thermal 
equivalent of mechanical 
work done accounts for the 
remainder . . . . 


Large 

Calories. 

= 65 

= 96 

= 366 


2278 

2805 


The figures under the heading Production are obtained by multi- 
plying the weight of food by its physiological heat-value. The 
figures on the other side of the balance-sheet are obtained as follows : 
The water in the food is reckoned as weighing 2'6 kilos. This is 
supposed to be at the temperature of the air, taken as 12° 0. ; it has 
to be raised to the temperature of the body, 37° 0., that is, through 
25° C. Hence the weight of water multiplied by 25 gives the 
number of calories expended in heating it. The weight of air is 
taken as 16 kilos ; this also has to be raised 25° 0., and so to be 
multiplied by 25 ; it has further to be multiplied by the specific heat 
of air (0'24). The 630 grams of water evaporated in the lungs, 
must be multiplied by .the potential or latent heat" of steam at 37° C 
(582) ; the portion of heat lost by radiation, conduction, and evapora- 
tion from the skin constitutes about four-fifths of the whole, and is 
obtained by deducting the tliree previous amounts from the total. 
This table does not take into account the small quantities of heat 
lost’ with urine and fceces. If the man does external work the 
amount of energy dissipated is increased, and he would, in 
consequence, require more to be supplied in the form of food. 
Very few men in active work get on well with a smaller supply 
than _3A0.0 calories in their diet. 

"We may state the general results of experiments of this nature 
as follows ; — 

1. If an animal is doing no external work, and is neither gaining 
nor losing substance, the potential energy of the food (expressed as 
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its heat of combustion) will be equal to that of the excreta, plus 
that given off as )iQ3.%,plus that of internal work^ 

2. If an animal is doing external work, and is neither gaining 
nor losing substance, the potential energy of the food will be equal to 
the heat of the excreta, plus that given off as heat, jsZiis that of the 
internal and external work. 

3. If an animal is doing no external work, but gaining or losing 
body-substance, the potential energy of the food will equal the 
potential energy of the excreta, that given off as heat, that 
of the internal work, phis that of the gain by the body-substance 
(a loss by the body being regarded as a negative gain). 

4. In an animal doing external work, and gaining or losing body- 
substance, the potential energy of the food will equal the potential 
energy of the excreta, plus that given off as heat, plus that of the 
internal and external work, plus /that of the gain (positive or 
negative) of the body-substance. 

Of the heat produced in the body, it was estimated by Helmholtz 
that about 7 per cent, is represented by external mechanical work, 
and that of the remainder about four-fifths are discharged by radia- 
tion, conduction, and evaporation from the skin, and the remaining 
fifth by the lungs and excreta. This is only an average estimate, 
subject to much variation, especially in the amount of work done. ' . 

Body-Weiglit depends^on.the relative amount of energy taken in 
and lost^potential energy being stored in the form of fats. In the 
joimg the'income "exceeds the expenditure and the body gains in 
weight, but a balance is usually arrived at later. The law of the 
conservation of energy holds in relation to stout persons whatever 
their own opinion of the matter ! Many simj)ly eat too much. 

To gain weight it is necessary to take in more calories than are 
expended. Children often expend large amounts of energy and 
since their body surface is relatively large the smaller they are the 
faster their basal metabolic rate. 

' To lose weight the reverse is necessary and in order to satisfy the 
appetite, foods such as fruit and green vegetables are taken rather 
than fats and carbohydrates. Proteins free from fat are to be 
preferred to carbohydrates because of their stimulating effect on 
metabolism. Sometimes thyroid extract is taken as a ^ metabolic 
stimulant, but care must be taken because of its cardiac effects. 
A pulse rate over 100 may be regarded as a danger signal. Whatever 
the methods used to change the body- weight it should be emphasised 
that the process should be gradual or it becomes unsafe. 

It is, however, well known that some normal individuals cannot 
get fat or thin at will. There is little difference in their basal 

\ * 

* If we include the excreta we do not include the warming of food. 
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rate, but apparently there is considerable variation in the response 
to protein, the tlain person being unduly stimulated by it. 

Abnormal increase of body fat occurs in deficient activity 
of the thyroid gland and the pituitary body which affects carbo- 
hydrate metabolism. 

The requirements of the young in regard to body-weight are 
more extensive than those of the adult, for materials have to be 
taken in to support growth. As will be seen later, in addition 
to sufficient calories an optimal protein and salt intake is necessary 
and vitamins specially needed for growth must be supplied. 

. The Extraneous Factors in Dietetics. — It should, however, 
be pointed out that in dietetics much, more has to be considered 
than calorific and proteiri value and these are of great importarice 
to the practising physician. For example, a diet with no fat tends 
to be digested^ and absorbed rapidly and is, therefore, not satisfying, 
aiid results in hunger between meals. On the other hand, excessive 
fatr especially'in'sdhfe individuals, results commonly in dyspepsia 
because it reduces stomach movements and the secretion of gastric 
juice, but later leads to an increase when the stomach is empty. 
Fried foods are, therefore, less desirable for sick persons than boiled. 
Fatty fishes, like herring" and mackerel, have a similar disadvantage. 
The quality of the water also affects nutrition. Notably- water 
containing much calcium tends to interfere with the absorption 
of iodine and to produce goitre, and there seems little doubt that 
this factor is of greater importance than is generally recognised. 

Finally, there is the individual variation which has been referred 
to above in relation to body weight. There is also a considerable 
variation in digestive capability, which may be inherited or acquired, 
and also abnormal (allergic) reactions to specific foods may be 
present. 
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DIET 

The Quality of the Diet. — From what has been said of the chemical 
constitution of the body, it is evident that a large variety of substances 
must he supplied to nourish the body adequately. They are; — f 
(1) Protein, the most important constitaent of meat s. (2) Garbo- ; 
hydrate, contained in starchy and sugary substances. (3) Fats./ 
(4) Water. (5) Salts. (6) Vitamins. It is only of recent years' 
that the importance of the latter two constituents has been realised, 
but it has rapidly become apparent that they are important out of 
all proportion to the amount taken. It may indeed be said that 
the kind of food, taken requires as much consideration as the 
amount. The differentiation of foods into their different classes 
was, however, made by Magendie as early as 1820. 

G-eneral and convenient discussions of the subject of nutrition 
in general are given by G-raham Lusk, in whose classical work much 
of historical interest is given, by Sherman and Lanford, and by 
Nixon and Nixon. 

As originally pointed out by Liebig, food i s necessary to builij, 
up tissue and to act as a source . of energy. The former function 1 
is more particularly the duty of the_.protein of the diet, the latter ' 
is performed for the most part, by the fats and carbohydrates. ! 

The w ater is necessary ...to. promote, the solution of substances' 
during absorption, metabolism, excretion, eta, while the salts and 
accessory substances act as general regulators .of body processes. . i( 

It .is also impoidaht that'“l;Ke''fdodstiiffs should be provided in 
a digestible form. As an instance of this many vegetables, notably 
peas, beans, lentils, contain even more protein than beef, but they 
are not so nutritious, as they are less digestible, much passing 
out in the faeces unused.' 

The food also must have a ^ertain„ininimum,j3.ulk, in order 
that it may stimulate the intestine and so be propelled along 
the gut. Most natural foods contain a certain amount of indigest- 
ible material or roughage, such as cellulose, wliich is not much 
affected by the digestive juices and which keeps up the bulk . 
of the intestinal contents. Unfortunately, many_ modern foods, 
c.g. white flour, have this roughage removed by purification, and it 
is claimed, that this is responsible for constipation. When such 
'■" 861 " , ' ■ 
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articles of diet are eaten the necessary roughage should be added 
in the form of fruits and vegetables, wliich contain cellulose. 

In considering the amounts of the various body requirements 
we may roughly compare the body to a steam engine. To 
maintain tliis in order it is necessary to supply it with fuel and 
also to repair worn parts. The burning of the fuel gives rise to 
heat and also generates the work which it is the object of the 
engine to accomplish. Food in relation to the body fulfils the same 
two uses, for it undergoes combustion and thus the bodily h eat, is 
kept up, and work is rendered possible. Food also achieves the second 
function, and supplies the material for the repair of the body’s 
framework which undergoes wear and tear as a result of activity. 
Here, however, the body is superior to the engine; in the case 
of the latter, repair has to be accomplished by means of “spare 
parts," or at any rate of matei'ial similar to those originally 
employed in the construction of the macliine; the living body is 
able to utilise for repair certain materials, the. proteins, etc., in the 
food which are not identical with its own substance, but which 
are rendered identical by digestive land metabolic processes. 

Tlie Requirement of Protein. 

How much protein is really necessary in the diet is a subject 
which has been much discussed and which is of considerable 
importance, since this constituent of the diet when taken as meat 
is much more expensive than the others and there is evidence that 
excess may bo harmful in that it may throw unnecessary strain- on 
the organs which have to deal with it. 

When wo take in protein we do so essentially to replace tissue 
wastage which is indicated theoretically by the nitrogen excreted 
when no nitrogen is taken in the food; we must consider whether 
or not the minimum intake of nitrogen to replace nitrogen lost 
is really the optimum. As,, we shall see, the form in which the 
nitrogen is taken is of great importance. 

By far the most important experiments on this subject are those 
of Gldttendcn on himself, his colleagues, and his students at Yale 
University, and on soldiers and athletes, over comparatively long 
periods of time. The protein intake was reduced to less than half the 
quantity hitherto regarded as necessary. There were no untoward 
results; indeed, it was stated that the muscular force in an athlete 
was increased. IMental activity was claimed to be undiminished, and 
tite desire for rich food soon disappeared. 

Tlie important character of Cliittenden’s work gave the faddists 
on matters of diet an important opportunity of being listened to. 
There was, for instance, a group of these to whom the very necessary 
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act of chewing' assumed almost the nature of a religious ceremony, 
and they have sought to convince mankind of its superlative 
importance. 

There are in connection with the Chittenden diet several circum- 
stances that should make us pause before we accept his conclusions 
to the. full. Many people eat too much ; would it be advisable 
for us all to eat too little, and is Chittenden’s diet too scanty ? 

No doubt the over-eaters would benefit by eating too little for a 
time. They would give their overtaxed digestive and secretory 
organs a necessary rest, and have time to consume some of their 
accumulated stores of material. It is quite possible that the benefit 
noticed in some of the subjects of Chittenden’s experiments was 
due to such a circumstance as this, or to the regular life they 
were compelled to live, quite apart from diet altogether. But to 
eat too little as an ordinary and permanent thing is quite another 
matter; and it is interesting to be able to record that most, if not 
.all, of the subjects of Chittenden’s experiments returned to their 
previous dietetic habits. 

So far as it is possible to read history correctly, man has always, 
where he can, taken ^instinctively .more._prgtein_. than. Chittenden 
would allow him, and with few exceptions, the meat;eating„nations 
are those which have risen to the -top. 

If one may draw correct . deductions on questions of diet from 
animals, a restricted diet over a long period proves detrimental. 
Moreover, a careful study of Chittenden’s own analytical figures, 
such as Benedict has made, shows there was in some cases distinct 
impairment of health. 

But still the question remains, why an apparently large 
excess of nitrogen which the body casts out within a few hours 
should be advisable? The answer to this appears to be, that 
though most of the cleavage products of protein metabolism are 
"dealt with in this way, there are some which are especially -precious 
for tissue reconstruction, and it is for these that we put up with 
the excess of waste. The large size and activity of the normal 'liver 
seem to be for the express purpose of dealing with tins waste 
rapidly. 

Nature does not work in minimums ; Leathes puts it very well 
when he says it is not considered unphysiological to take more food 
than will yield the minimum of feeeal refuse ; and he also points out 
that in the infant, even allowing for its growth, the normal amount 
of milk provided for it by nature is ten times greater than would, 
appear to be the necessary minimum ; and this is probably a safer 
argument than the one so often used when the instinctive habits of 
past centuries of adults are appealed to. The Health Organisation 
of the League of Nations adopted a stand ard of 75 grams for the 
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average man, of .70. kilos , and slightly less for women, but in actual 
practice it may be said that there is so much protein in the natural 
foods that if sulficient calories are taken the protein intake will be 
ade<piate. J5ven the articles richest in carbohydrate, such as flour 
and potatoes, contain considerable quantities of protein, but it must 
be realised that these are not really natural foods, but have been 
specially developed to produce a large carbohydrate yield. 

It is probable that young growing animals have a larger protein 
requirement than adultsr‘*^"lt"us' usually considered that adults 
require about half that of an infant on milk ; indeed this is clearly 
shown by a study of the amino-acids necessary for growth and 
for maintenance (see Protein Utilisation and Syntliesis). 

It would seem, however, that there may be an optimum protein 
intake. Young rats have been found to live longer and ^ to have 
higher body-weights if fed on this optimum (about 16 per cent.) 
than those given amounts above or below this (Slonaker). 

As we shall see later in relation to the use of protein in the. 
body the proteins are necessary not only for repair but contain 
the amino - acids from which the body manufactures some of 
its most important regulators such as j^yroxine, adrenaline, 
and insulin.. The possession of such substances in abundance 
must contribute materially to the well-being of the individual 
and may assist Iiim also in repelling bacterial invasion. It has been 
suggested that such undefined qualities as energy ” and stamina, 
in part at least, may depend on proteins, but the psychological 
make-up of the individual is probably as .much concerned. 
The subject is dealt with in more detail in relation to protein 
synthesis. 

The Specific Dynamic Action of Protein. — P rotei n has one 
property out of all proportion to that possessed by other foodstuffs: 
it very largely increases the production hf heat in the body. .People 
(as^in.. Chi ttei] den’s experiments) on a low protein diet suffer intensely 
from the^cold. One can double the beat production in a dog by 
gi\ung it a large quantity of meat. The extra heat appears to 
bo due to the deamination of amino-acids and the formation oi 
urea (Wilhelmj). Experiments with glycine 'and other amino- 
acids liave proved tliis fully. Protein acts then as a cliemical 
stimulus to metabolism, and not in virtue of its energy-content. 
This spccijic dynamic action of protein must not be lost sight of in 
settling the riglit amount which we should take in our daily food. 
KoITghly speaking, all the calories liberated in carbohydrate com- 
bustion may be used to produce work : the figure in fat combustion is 
nearly but not quite so high, while only about 70 per cent, of the 
protein calorics are capable of conversion into any foim of energy other 
than heat.’ As w'e have already observed, the specific dynamic action 
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of protein m ay„.var-Viin- different, individuals. A small increase of 
metabolism is produced when glucose is utilised (fig. 143 ). 

. Sources of Protein. — ^e main sou rc^ of protein.. is, the flesh 
^f anim als a nd fishe s, but we can also ^t protein in milk, cheese', 

■ e gg, pp.tat6','l.and_ .even flour contains about ID per cent.'; the 
leguminous, foods,, peas, -beans, .lentils, also contain large quantities. 

1 These useful vegetables contain as much protein as beef and mutton, 
and if properly cooked are almost as easily digested. Nevertheless 
some proteins are better adapted to animal nutrition than others; 
the most adaptable are those of animal origin; but there are some 
- vegetable proteins which are nearly equal to them, and of these the 
protein -of potato stands pre-eminent; but unfortunately the potato 
dbeknbt'cbhtaiu very”much (see The Biological Value of Protein). 

Meat is e aten_because it forms a concentrated form of easily 
dig estibl e protein, -and protein is the great repairer of tissue waste. 
Xs a source of energy, it is about equal to carbohydrate and far | 
inferior to fat; considering....its....price,„.its. use is. .therefore not 
economical. JDi&inanjwbioj%ork.s.hard_phy sicall y req uires little more 
meat" kha n the m an in the arm -chair. The “ Eoast Beef ~df“Ord 
' England ”Ts really not the source of a large amount of energy, however 
much the contrary may be believed by those ignorant of physiological 
principles. An engine called upon to do more work does not 
necessarily want repair : what it needs is more fuel (coal or petrol). 
The human engine, if healthy, is the same; the invalids who do 
need repair are dealt with on different lines. It must be admitted, 
however, that meat, especially if fatty, delays the onset of hunger 
longer than carbohydrate. This is often confusing to those who 
have not the required knowledge (see Hunger). 

The war - time allowance of meat is quite suflficient for 
physiological purposes, and the reduction is of great benefit 
to those who had been big meat-eaters previously. The difference, 
between meats lies largely in their palatabiUty and their digesti- 
bility, i.e., the readiness with which the digestive juices can penetrate 
between their- muscle-fibres. The white flesh of chicken and fish 
of “light diet” is considered to be more readily digestible and 
hence it is given in iUness when digestion is impaired. From our 
knowledge of digestion we know, however, that the cooking is 
often quite as important as the choice of the article in promoting 
digestion. ■ 

Many of the cheaper cuts of meat properly cooked, and the 
flesh of the cheaper fishes such as herring and cod, or cheese a,re, 
as satisfactory sources of protein, not inferior to more expensive 
varieties. Fish is more expensive from this point of view than meat 
since it contains a smaller proportion of protein and more water. 
Freezing does not affect the nutritive value of food, but if flavour 
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is to be retained slow thawing is essential. There is, however, 
little accurate knowledge on the subject of flavour. 

Vegetarian Diet . — ^The facts regarding the constitution of proteins, 
in spite of the pleadings of vegetarians, go most emphatically to 
show that vegetable proteins are not so valuable as animal proteins, 
which contain more adequate amounts of the essential amino-acids — 
a consideration which is specially important in the' young. “We 
I shall also see later that the nitrogen requirement of the body is 
'! more readily supplied by meat, eggs, and milk than by any other 
I source of protein. Moreover, as we have already noted, vegetable 
I proteins are as a rule less digestible than those of animal origin. 

The Daily Calorie Requirement w ill d epend-on-the-size of- the 
'man, on the temperature to which _he is exposed, but chiefly on 
j variatibris'”ih7’lii8T.phy8ical. acti'vities, as is indicated by the study 
bf'the average metabolic rates of persons employed at different 
> occupations. This has already been discussed in the previous 
chapter. A man of average size who stays in bed for the twenty- 
four hours needs about 17 00 large calories in the day to maintain 
his temperature and his respiratidnTTo" kTepTSis hear t beating, and 
so forth. The remainder of the calorie supply in an active person 
can be utilised for the performance of work. The peace-time 
allowance for a man doing, a day’s moderate muscular labour is food 
equivalent to about SiOO-calories, and under condition of extreme 
work tins may rise to 4000 in a day or even higher. 

The British civilian ration during war is below the 3000 level 
for those not engaged in severe physical work. At such a time 
the civilian population has to put up with such a trivial 
hardship in order that active workers (munitioners, labourers, 
and men at the front) might get the share they really needed. 
\ Those who are engaged on particularly hard physical work, e.g. 
I woodcutters, requiring 5000 to 10,000 calories, are unable to take 
! all the calories they need in the form of carbohydrate and 
have to be given a special ration of fat in spite of the shortage of 
that commodity which is used for making munitions. The extra 
is conveniently supplied as fat bacon, and fat, as we have seen, 
is a condensed form of fuel, and it is this which is so necessary 
for stoking up the furnace when extra expenditure of energy is 
needed. 

In making calculations for large scale investigations, the system 
! of man-values introduced by Cath cart and Murra y is commonly 
j used in which a man is considered asTneeding -1:00,,. f.6.,.3000,C., a 
i woman, .0'.83, and. children .under three as 0'40, O'lO being added 
I for each two years until adult value is reached — at 14 years. 
' Persons over 65 years are calculated as 0'75. 

Rations for Brain-workers. — The brain works economically; 



‘ca'iodv.]' ’ ' rV 'BiLANCB of the, diet ' 367 

Ct vA' ; ■"'■-A''--- '■•'•••■' ,Svv.c ^ ‘ ^ . r- (.-.cv--.' 

any measu r able in crease in^ en^-gy-olii^ut is .negligibjej, and so it 
mayT^t ..once -said-that-iheubrain-workex-jrequires no ..incr^sed 
mtek e ^oLioo d., food must ,, naturally,., be . easily., digestible ; one 
cannot expect a man'" to"* do good mental work who is suffering 
from the pangs of dyspepsia, but beyond this anything further is 




unnecessary. 

The subject of the storage and loss of calories has been discussed 
further in the section on Body-Weight. 

The Balance of the Diet.— /As has been stated in the previous 
chapter,' each food, constituent has a definite calorific value per f 
gram : prote in (in the hod y.')-4j.,,car.b ohydrat e 4'1. and,iat...9:3. but 
the relative aniounts of each which may be taken depend largely 
on personal taste and on the actual articles of diet available. 

The various diets put forward by older investigators have much 
in common with those which have been officially recommended of 
recent years. , 

It is considered that the figure 340,0..„calories.„should_.be.jnade v ,, 
up jErom lOp^ . grams,- of . ..protein,„of\,_which- 50 grams- should be,| A' 
prote ui--of~-animaI-origin.... l 0 0 g rams of, iat,.. preferably, pf„.animal u'. 
orig in, 400 gram s of carb ohydrate. (Ministry of Health \ 
Committee.) 

The a ctual amount of ca rbohydrate, may, ..however, . be greatly 
increased "'accordmg To th e amount physical work . .done. f-This 
aItows~f6r~iO“to"Tfi'~^r centr~df '"'the daily calorific requirexhents 
to be derived from protein and for any waste due to incomplete 
digestion and in preparation. /.'Such a diet supplies more calories 
than the older diets of Yoit or Eanke, wMch were, however, 
sufficient for sedentary occupations. Attention must also be paid 
to salt and vitamin requirem ents. An idea of what, under modern 
conditions, appears to be the best choice of diet from the point of 
view of cost and efficiency is indicated by the tables given at the 
end of this chapter.' 

The physical characteristics of food affect the amount which can 
be taken. For example, it would be theoretically possible to supply 
all the calories in the form of meat, but it would require some 
six pounds, and clearly the quantity would become unpalatable. 

Fat is essential when large amounts of physical work are being, 
done. If this constituent of the food is reduced, disagreeably large 
quantities -of the other foods have to be taken to make up the 
required calories. 


Official Dietaries. 

Those who are responsible for the health of the nation have 
experienced very great difficulty in educating those' whose finances 
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aro limited in the choice of an efficient diet, for custom dies hard 
and it is difficult to obtain realisation of • the fact that cost, 
palatabilit}', and efficienc}' are by no means parallel. The following 
tables, published by the British Medical Association, will act as 
a guide to those living on the ordinary mixed diet of temperate 
climates. They are designed to supply all the req^uirements set 
out in the above chapter. The prices for meat are those for 
imported foreign products in 1936. The cost does not, of course, 
include that of cooking. 


Individual Weekly Diets. 

Diet No. 1 . — Bare ration. No variety. Man-vahie, 1. 


J t»'m. 

Quantity. 

PriCf) 

(1936). 

(grama). 

Fat 

(grams). 

Carbo- 

hydrate 

(gram.s). 

Calorics. 

Corned beef 
Cheese 

Margarine . 

Flour, or . 

Bread . 

Sugar . 

Potatoes 

Tea . . . i 

Fresh fruit and j 
green vegetables ; 

1 lb. 

2 Ib. 

.y lb. 

7 lb. 
Ill lb. 

lb. 

3A Ib. 

J lb. 

B. D. 

0 6 
. 1 1 
^ 3 

0 4 

0 2.1 

0 3“ 

0 7 

119-2 

233-2 

0-7 

320-6 

(367-9) 

30-1 

i 

84*8 

317*6 

288*5 

51*1 

(10*1) 

0*4 

28-2 

2397-5 

(2454-8) 

793-8 

1 287-4 

1,278 

4,022 

2,684 

11,620 

(11,666) 

3,255 

1,306 

100 

Total weekly 

quantities 

... 

4 10,} 

703-8 

742-4 -j 

3506*9 

24,265 

Daily quantities 
per man , 

••* 

i 

1 

100*5 

i 

100*1 

501-0 

i 

3,466 


Total first-class protein, 352*4 ^aras. 
Daily first-class protein, 50*3 ,, 

Cost per man per week, 58*25 pence. 


Notes. — Diet No. 1. 

Diet No. 1 gives quantities of protein, fat and carbohydrate, and of total 
calories adequate to support working capacity. Tliis diet, although adequate in 
its principal constituents, may be deficient in vitamins and minerals, but the 
principal defect lies in the small number of its constituent foodstuffs. Though 
perhaps palatable for a period of one week, it would with longer use rapidly become 
monotonous and nauseous. In order to avoid the repugnance which would inevit- 
ably follow the prolonged ingestion of such a diet, and to assure adequacy of 
vitamins and minerals, it is necessary to increase the number of foods tuffs so as 
to obtain greater variety.' 
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Diet No. ‘2.:—Sugge&ted adult ration, based on 50 grams. First-class 
Protein. Giving 1/4 pint milk. Man-value, 1 . 


Item. 

Quantity. 

Price ■ 
(1936). 

Protein 

(grams). 

Fat 

(grams). 

Carbo- 

hydrate 

(grams). 

Calories. 

Beef . 

1 lb. 

B. 

0 

p. 

6 

85*3 

83*5 


1,126 

Minced meat 

41 b. 

0 

21 

42-7 

41*8 


563 

Bacon . 

41 b. 

0 

3 

23*3 

122*9 


1,239 

Corned beef 

ilb. 

0 

3 

59-6 

42*4 


639 

Liver (Ox) . 

|lb. 

0 

IS 

22*6 

3*6 

5*0 

147 

Eggs . 

2 oz. 

0 

1 

6*3 

57 

0*8 

82 

Cheese 

lib. 

0 

3i. 

58*3 

79-4 

7*0 

1,005 

Milk . 

llpts. 

0 

5 

32-7 

357 

47-6 

661 

Fish (Cod) . 

Jib. 

0 

n 

16*6 

0*1 

... 

69 

Butter 

Jib. 

0 

21 -^, 

0*2 

94*1 

... 

876 

Suet . 

1 oz. 

0 

H 

0*3 

26-4 


247 

Lard . 

Jib. 

0 

H 


113*4 


1,055 

Flour or 

44 lb. 


. 

206*1 

32*8 

1541*2 

7,470 

JBread . 

7 Jib. 

1 

01 

(237-0) 

(6-5) 

(1581-9) 

(7,518) 

Sugar . 

1 lb. 

0 

2| 


... 

453*6 

1,860 

Jam , . 

21b. 

0 

3J 

*1*1 1 

... 

236*1 i 

972 

Potatoes 

5 lb. 

0 

3| 

43*0 : 

0*5 

410*5 

1,865 

Peas (dried) 

Jib. 

0 

1 

23*1 

07 

647 

367 

Tea . . . 

Jib. 

0 

3 

»« « 




Oatmeal 

lib. 

0 

u 

27*0 

19*5 

158*7 

943 

Rice . 

Jib. 

0 

OS 

6*7 

0*5 

91*1 

405 

Syrup (treacle) . 

ilb. 

0 

2 

0*7 


173*3 

714 

Cabbage 

1 lb. 

0 

1 

3*2 

*0*2 

17*7 

88 . 

Beans (butter) . 

Jib. 

0 

OS 

21*1 

0*8 

70*5 

383 

Barley 


0 

1 

15*8 

1*8 

181*2 

825 

Fresh fruit and 








green vegetables 


0 

7 


... 

... 

100 

Total weekly 

quantities 

Daily quantities 
per man . 

... 

5 

101 

695-7 

765-8 

3439*0 

23,701 


... 

99*4 

100*8' 

491*1 

3,386 


Total first-class protein, 347*6 grams. 
Daily first-class protein, 49*7 „ 

Cost per man per week, 70*5 pence. 


It should be pointed out that the prices given are those for foreign imported 
produce, which is not generally available in all parts, but at the same time it must 
be remembered that many of the more expensive portions'of an animal are not any 
more nutritious than the cheaper cuts. 
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Typical Meals. 

The following are typical diets, kindly supplied by EjD. Lawrence, 
of students in residence at a university hostel. 

Casfi, yj, aped 25; Imght, 5 ft, 11 in.; weight,, 11 sL 4 Ih, (71*6 km,). Average 
weight for height is 10 st. 13 lb,, so that he is slightlg above weight; habits not 
active except that he nsuallg bicycles about 10 miles a day ; noticeably a big eater. 


Foo<I. 

- 



Weight 
in Ounces. 

Food Content in Grains. 

C. 


F. 

Breakfast 






- ■ 


Porridge 





35 

7 

7 

Sugar . 




1 

30 

0 

0 

Kipper. 




n 

0 

8 

3 

Butter . 




\ 

0 

0 

25 

Toast . 




2i 

45 

4 

0 

Marmalade . 





27 

0 

0 

Milk . 




3 

5 

4 

4 






142 

23 

39 









Roll, bread . 




1 

15 

3 

0 

Sausage 


, 


n 

1 

5 

12 

Potato . . 




4 

27 

3 

0 

2 Apples 




10 

32 

1 

1 






75 

12 

13 

Tea 








2 Biscuits 




1 

20 

4 

0 

Milk . 

. 

. 

. 

2 

3 

2 

2 






i 23 

6 

2 

Dinner 






1 


Soup, thick . 




34 

6 

3 1 

2 

Steak \ . 




7 

0 

52 

2G 

Pudding/ . . * 





28 

3 

3 

Onions. 




8| 

11 

2 

3 

Potato . * . 




n 

50 

5 

0 

1 Bread . 




1 

15 

i 8 

3 

} Stewed fniit 




4 

15 

1 2 

0 

j Custard 




n 

17 

1 4 

1 . 4 

j Sugar , 





15 

! 0 

! 0 

( 





157 

74 

41 

i , . 

j 1 rcacle cake 

. 


. 

6 

120 

3 

10 

! Total for dxay . 





517 

118 

105 

1 Calories . 



• 


2068 

472 

945 


Total = 3.485. 

Weight = 71*6 kgm. 

Calories = 48*7 calories per kgm. of body weight. 
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Case By aged 36; height , 5 ft, in,; laeight, 9 st, 10 lb, (61*6 kgm.). Average 
weight for height is 8 st, 8 lb;, so that he is above the average weight and is 
noticeably obese ; active and quick in his movements y but takes no exercise, not 
even walking ; noticeably a small eater ; has a distaste for fat and butter ; 
•probably partly restricts his food to avoid obesity. 


Food. 

Weight 
in Ounces, 

Food Content in Grams. 

a. 

P. 

F. 

Breakfast 





Bacon, lean 

- 1 

0 

5 

5 ' 

Potato 

1 

6 

1 

0 

Toast . . • . 

s 

15 

3 

0 

Marmalade . . . 

1 

25 

0 

0 

Lunch 


46 

9 

6 

2 Crumpets 

2 

30 

6 

0 

Butter, 2 pats .... 


0 

0 

12 

Mince pie 

— 

20 

4 

5 

Jam tartlet 

— 

25 

4 

0 



75 

14 

17 

Tea 





2 Rock cakes .... 


22 

4 

4 

Dinner 

' 




Soup, thick 

3i 

6 

3 

2 

Steak \ 

3 

0 

22 

11 

Pudding J , 

' IJ 

17 

2 

2 

Onions 

44 

6 

1 

2 

Stewed fruit . . . _ 

74 

28 

3 

0 

Supper 


57 

31 

17 

2 Biscuits 

1 

20 

4 

2 

Total for day .... 


220 

62 

45 

Calories 


880 

248 

405 


Total Calories = 1533. 

Weight = 61*6 kgm. 

= 24*8 calories per kgm. of body weight. 

If we calculate his calorific usage on the average weight, which is more correct 
in some ways, as his “ extra ” fat is not metabolically active tissue, then we get the 
figure of 29 cals, per kgm. of body weight. 
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Case 0, a^ed 24 ; heights 5 ft. 11 in. ; wexffht^ 9 st. 4 lb, (59 kgyn.). ^ Average weipM 
for Imqht h 10 $t. 13 Ib,, so that he is considerably under weight and is quite 
thin; he is active and plays games occasionally^^ hut not daily; eats slightly less 
than the average student. 


Food . 

Weight 

In Ounces. 

Food Content In Grains, 

0. 

P- 

' F. 

JJreakfast 





Porridge 

5 

16 

3 

3 

iMilk 

5 

7 

5 

5 

Sugar ...... 

1 

15 

0 

0 

Bacon 

1 

0 

*3 

8 

Potato, fried .... 

Oil 

20 

2. 

5 ' 

Toast 

1 

20 

4 

0 

Blitter 

i 

0 

0 

6 

iVlarinaladc 

y 

4 

19 

0 

0 



97 

17 

27 

Lunch 





1 Sausage 

— 

1 

5 

12 

Potato 

G 

40 

4 

0 

Brussels sprouts . . . . 

4 

4 

2 

0 

1 Slice jam roll .... 

— 

25 

1 

0 



70 

12 

12 

Tea 1 

! 




1 Banbury cake .... 

i 

. 1 

20 

4 

0 ' ' 

Milk 

r ! 

1 

1 

0 

0 



21 

4 

0 

Dinner 




1 

Soup, tliick 

51 

8 

4 * 

3 

j Steak 1 

3 

0 

22 

11 

; Pudding/ 

1 

12 

1 

1 

i Potato 

1 3 

20 

2 

0 

1 Onions 

2 

3 

0 

1 ■ 

! Stewed fruit .... 

4 

15 

2 

0 

1 Custard 

n 

10 

3 

3 

! Milk ; 

Zh 

5 

3 

; 3 



73 

37 

i 22 

Total for day .... 

1 

261 

70 

61 

Calorics . , . . . 


1044 

280 

549 


To till Calories = 1873. 

Weight = 59 kgin. 

— 31 *7 calorics per kgm. of body weight. 
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The Salt Ilequireinent. 

Until comparatively recently the salts in the diet were ignored 
and patients suffering from various conditions were often treated 
with medicines which did little to remedy dietetic deficiencies, hut 
it is now recognised that long before people are taken ill their activity 
may be impaired .by prolonged deficiency in salts. In regard to 
diet generally and to salts in particular, it is pointed out that a 
given article of diet, particularly of a vegetable nature, is not always 
of the same composition. This depends to a very considerable 
e xtent on the £oil in which the vegetable is grown. Unfortunately 
the jpuMi^have'iTdrieafht to" recognise salt-deficient vegetables in 
so far as this is possible. . 

But the presence of the salts in the diet does not necessarily mean 
they are absorbed into the blood stream. This may be interfered 
with by the presence of other substances in the diet; for example, 
excessive caleium jredjc ps t he,.-absorption of iodine. Sometimes, 
too, conditions are present in the intestine which upset absorption. 
This is common both in relation to iron and iodine. 

There seems to be little doubt that some benefits attributed', 
to “ change of air ” are attributable to change of mineral intake. i 

Sodium and Potassium are essential in the diet but are so 
well distributed in nature that a dietetic deficiency in respect to 
them is unlikely. 

Calcium. — It is being recognised that as different parts of the 
country vary considerably in their supplies of this element, this 
may be of dietetic importance. Some areas are deficient while in 
others there is an excess which may interfere with the absorption 
and use of other elements. Its importance to the body is indicated - 
, by the fact that it is one of the substances which is maintained at 
a constant level in the blood by mechanisms which are described • 
in a later section. T he daily „excretion of a fasting man is. about 
0'5 gram , but doubln is usually considered ‘desirable in' the diet and 
more is needed during pregnancy and lactation when acute symptoms 
of~ calcium' deficiency commonly occur in women and domestic 
animals, notably cows and cats. According to Campbell, Bessey, and > 
Sherman, who experimented on rats, calcium deficiency may show \ 

■ itself in a second generation rather th^' fhe first. Young animals \ 
deprived "of "calcium do not grow so well or so rapidly and it is 
stated that they do not live so long as those adequately supplied. 
The workers in Columbia University have emphasised the importance 
of calcium in promoting the general vitality of their animals. 

At the same time it should not be overlooked that there may 
be some adaptation to low calcium diets. Some plants we know, 
such as primula 3 , thrive best on calcium deficient soils while others. 
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such as rock roses, grow best where chalk is abundant. It is possible 
that there may be similar differences, hereditary or acquired, in the 
human subject. 

Calcium is provided bj’ jneat and all the usual vegetables 
(averaging from O’Ol to 0'3 per~ceut.) in small aiilouhts; but 'milk 
contains about 012 per cent., while in cheese this is concentrated”'"" 
more than fourfold. Even, when there is sufficient in the diet, only 
a small proportion is absorbed, 20 to 50 per cent, in adults but more 
by children. When excess is absorbed it is excreted in the urine. 
There is some discussion as to whether the calcium found in the 
fseces is an excretion or is calcium that has not been absorbed. 
Evidence now favours the latter view. 

A moderately hard water, such as this of London, contains about 
O'Oo per cent, of calcium, but of that more than two-thirds is 
temporary hardness, that is, soluble bicarbonates which are pre- 
cipitated when the carbon dioxidb is driven off by boiling. 

The absorption of calcium has been a subject of considerable 
discussion, for calcium is readily percipitated as phosphate in 
alkaline solution but it is soluble in acid solution. Certa inly— the 
administration of hydrochloric acid facilitates the absorption, and 
sodiiuh bicarbonate hinders it, but hoiv far the small intestine is 
acid is very problematical for the bile and pancreatic juice are 
alkaline. There is now increasing evidence that bile salts, amino- 
acids, and fats may facilitate the absorption by^'a" hydrotropic 
action' and also vitamin D. The whole subject is, however, one 
of great complexity and cannot be looked upon as settled, but 
it is of great importance in relation to the growth of the bones 
and teeth. 

Tlie Functions of Calcium are dealt with later. " 

Phosphorus. — As we shall see in a later section phosphorus 
is necessary for a large niunber of body processes. A phosphorus 
equilibrium is maintained by the action of the parathyroid glands, 
that is, the excretion is balanced by an intake of about-O'S-gramme 
p_er„day, but probably appreciably more is needed in the optimum 
diet, especially when the foetus or young animal is growing, for 
calcium is laid down in the bones as phosphate. Of the common . 
foods milk and milk products contain most and thereafter ^yheat 
and paib. It is present in phosphoproteins such as the caseinogen 
of milk and the yit elli n of eggs, in the ‘ lecithin of eggB',~liyer 
and blood, and in the nucleic -acid of all cell nuclei. Inorganic 
phosphates occur chiefly in meat and milk and plants. Much of 
the phosphorus of plants — phytin phosphorus— is not digested or 
utilised. In some regions the phosphorus of the soil is poor, and 
in South Africa the nutrition of the cattle is thereby affected. 

The Functions of Phosphorus are dealt with later. 
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Iron. — It has long been knovs-n that iron was necessary for the 
body and it has been regularly used in so-called “ t ombs /’ but it was 
not realised till recently that deficiencies in the diet were of such 
importance. ' 

■ Iron i s„ngeded for the formation of almost all tissues, hut by 
f ar its m ost iinpb rtant use 'is' in the formation of the hsemoglobin 
of the blood~and“fhe c^tochiome of the tissues which are concerned 
with the carriage of oxygen and its use in the tissues respectively. 

It has been claimed to be concerned in almost. aU enzyme systems! 
in the body and also to be present especial Lv in the nutrition 
qf_epitheliaL.surfaces,.sinc6-deficiency,may„be.associated”with cracking 
ojE^^the^skin and lips. It is, however, in the j.iiaemias that iron - 
deficiency is most commonly evident. 

Deficiencies in this element have long been recognised as a 
cause of a simple anaemia characterised by insuffic ient .Iiaemoglobin 
in the blood. The disease was. particularly common amongst women 
prior to about 1910, but lesser degrees are still common, women 
being thought particularly subject . because of their monthly loss 

of ,bTood :during .menstru^ipn. Even fasting men, however, excrete 

from 7 to 12 mg. per day by the bowel, and the menstrual loss of 
3 mg. adds but little to the daily average. During pregnancy the ; 
need for' additional iron in the diet is obvious for much is needed ‘ " 
for the formation of haemoglobin in the foetus. The supply at this 
stage is specially important, since milk contaius so little and young 
children are therefore specially liable to suffer from anaemia. The 
extent to which it is absorbed from , the intestine normally appears . 
to. be dependent on the haemoglobin content of the blood. Iron is 
probably absorbed as ie±rons..salts. Blood and chlorophyll are of no 
yalue.as a source .of iron in the diet as the iron cannot be liberated . 
by the body. 

When the red blood-corpuscles die after their normal month or 
so the j^ron set free is tak en up by the re ticido-endothehaL system 
and is stored as the pigment .haemosidenn especially., in..the liver, 
.kidney7~ahd spleen.' It is espemally abundant in these sites when 
there is excessive breakdown of corpuscles or inadequate utilisation 
of the iron. 

ExGretion...of_dr.on_occurs_. _in_ the large intestine, but_ most of 
the iron in the faeces has never, been absorbed. The body holds on 
somewhat tehaciously t'b what it takes into the blood stream. 

It is suggested that 0'4-0’5 nig. of iron per 100 calori^__qf^d_iet 
is desirable!! 6'r,„the .geherat population (Eose). 

‘■“"'’llost articles of diet contain iron, but the following are the 
most important, the numbers following indicating the approximate 
amounts in milligrams, given by Sherman, per 100 grams : beans 1 
(10), dried peas (5-7), wholemeal Join (5), oatmeal (4-8), eggs (3); lean \ 
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beef (3), cheese- (1*3), rDiIk^>(Q-24), spinac h. (2‘5)> kale (2*5), potatoes 
(1), beet (0*8), turnips (0*5), carrots (0*6), toinaToes (0‘44) other 
j vegetables and fruits less. It is of interest that wholemeal flour 
( loses four-fifths of its iron when it is refined to white flour. Workers 
in this field emphasise that vegetables and fruit offer the easiest 
method of supplying iron to the body without increasing the calorific 
value of the diet, even allowing for the fact that not all the iron 
in vegetables is used. 

Copper. — So far as can be ascertained Jraces..of., copper, are. an 
jidvantage - in ^ the formation of hemoglobin. In crustaceans the 
normal green blood pigment, luemocyanin, contains copper instead 
of iron. It is found in minute quantities in a number of vegetables, 
especially Jtettuce, and fruits, especially currants; it is also present 
in cocoa, corn, nuts, wheat, bran, and legumes, ^iver seems to be 
richest in this element possiblyjbecause it is stored in this organ. 
Only very minute amounts are needed in the diet. 

Iodine -is. necessary ..for, 4he^-formation ..of thyroxine, the very 
active substance elaborated by the thyroid gland which we have 
seen is so important in regulating the metabolic rate. Many regions 
of the world have iodine deficient soils and this affects the iodine 
content of its plants. Normally we get our required iodine, which 
is only about 0*00014 gram daily (Fellenberg), in milk, sea-fish, oats, 
potatoes, carrots, eggs, and . onions, but in goitrous districts it is 
necessary to add iodine to the table salt. Infants .need more than 
adults. 

Mag'nesium. — This element is a constituent of the chlorophyll 
of plants and is very closely associated with calcium in the skeletons 
of animals, although it is present in^ininute quantities in practically 
all tissues and body fluids. In the urine it is found in association 
udtlrpirdsphates, normally as MgHP 04 and abnormally in ammoniacal 
urine as NH 4 MgP 04 . Like calcium it antagonises i^otassium physio- 
logically. It has been found that if it is completely absent from 
the diet of rats and dogs they die in convulsions. It seems probable 
that death is due to a failure of the acid phosphatas e enz ymes 
of the body or the glycogen break-do wh'^system’^foFTffe action of 
which magnesium appears to be necessary. 

Fluorine is also present in minute quantities in plants and 
is considered to contribute,„to_the hardness of the skeleton and 
especially of the .enameLof-the-teetli; Large amounts in the diet 
produce the opposite effects. 

Manganese is present in a large variety of vegetables in minute 
quantities. Various claims have been made that it is essential.. for 
normal reproduction and it is always present in developing eggs 
and in the reproductive organs. 
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Water. 

Water is necessary _for_the .^solution, of_the foodstuffs prior ^o 
absor ption i n the blooii" stream, and innumeratte fimctions in'the' 
boci^-.. The subjecrisHiscusseUlatef In '■'relation to'Water' Balance. 

Vitamins.* 

Although a 'diet may be adequate from the point of ^dew of 
protein, carbohydrate and fat, it has now been definitely established 
that certain 'accessory food substances are necessary in the diet to 


EFFECT OF MJLK ON GROWTH 



Fig. 144.- — Curves of growth of two sets of rats. That shown in dark dots received for the first 
eighteen days 3 'c.c. of milk daily in addition to a diet of casciii, lactose, and salts. At the 
nineteenth day the milk was omitted. The other set had the samo' diet but no milk for the first 
eighteen days. Thereafter they "were given 3 c.c. of milk daily. (From the Original of Hopkins.) 

maintain good health, especially of growing animals. Experience 
gained in expeditions, in the old sailing ship days, and of the 
health of prisoners, had long indicated that mere calories and 
proteins were insufficient to sustain life, but it was not, however, 
until Hopkins of Cambridge, in 1912, from his investigation of 
restricted diets in 'relation to the essential amino-acids, placed the 
subject on an experimental basis that the importance of_ these 
accessory food factors was fully appreciated, although admittedly 
much uncorrelated and not generally recognised clinical evidence, 
notably that of Eijkman, in 1890 (see below), was available. 

The factors are, for the most part, products, , of „the_plant .world, 
and from tins source they are acquire'd’'‘by animals. Many are 
relatively simple chemical substances and have now been obtained 
in a crystalline form. They may he distinguished by differences in 

* So called because they were thought originally to be amines. 
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their source, in their action and in the maladies (deficiency diseases) 
'which result from their absence. In addition to those described 
below there are, however, many other substances which are necessary 
for the health of lower animals and the growth of bacteria. Only 
those important to man are discussed. 

The Pat-Soluble Vitamin A, — In 1912 Hopkins fed young rats 
on pure food mixtures containing approximately the constituents 
of milk, viz : caseinogen, fat, starch, cane-sugar, and inorganic salts. 
The. energy- value was adequate but growth ceased. His famous 
growth curves are shown in fig. 144, The addition of minute 
amount of fresh milk caused the recommencement of growth. In 
ISSl Bunge had come to a similar conclusion from work on mice. 
In 1913 McCollum and Davis showed that this essential substance 
for growth, both vitamins A and D, was present in the fats of 
butter and egg yolk. There was at first confusion between the 
fat soluble ^utamins, but it is now known that Hopkins’s rats 
did not grow’ because of deficiency of vitamin D as well as 
vitamin A. Their sources are, however, very similar. The original 

source is the pro::3dtamin A., of the green plant, whence it is 

acquired by animals, and becomes dissolved in their fat. Thus 
it is present in milk and butter, provided the cows are fed on 
green food. Animals have the power of storing the vitamin in their 
livers from which it may be obtained in the oil. The oils of fishes 
w’hich feed on green plant organisms in the sea, either directly or 
by eating smaller fishes wliich do so, are particularly rich in the 
vitamin. Hence the virtue of fish liver oils. Butter substitutes, 
such as margarines made from vegetable fats, have usually no 
vitamin A and little D. " Both A and D are present in egg yolk. 

Properties . — It is important to observe that vitamin A is very 
liable to des^ction^onJieating, but it is now clear that tins de^hds 
“on oxidation processes. Milk can, therefore, be sterilised at quite 
high temperatures in an autoclave (air free) without losing vitamin A, 
W'hich, how’ever, is destroyed by ordinary boiling or even free aeration 
at all temperatures. Speaking generally, condensed milk still has 
enough \dtamin A, and dried milk also, provided the latter has 
been made by a process such as passing it over a heated drum, 
wliich dries without permitting too long exposure. 

Deficiency in vitamin A leads to the lack^pf..^owth of young 
animals, wkich is eventually fatal. 

Action . — ^^^itamin A appears to provide the necessary^stimulus 
for the building of new cells.. This failure of cells to grow is well 
seen in the epithelial coverings of the body which tend to become 
dry_and_kcratinised. ^Ids'occurs^lir'the^'cbhjunctiva' the eye, 
in the respiratory tract, and especially in the vagina. Tliehaira^ 
* In war-time ntamin D has been specially added in Britain. 
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Jjecojmes^drji^nd-lixstreless. The lack of vitality in these regions 
leads to a liability to infection which is marked in the eyes, where 
it is accentuated by deficient secretion from the lachrymal glands 
(tears). iDegeneratipn_of._the„spinal. -cord- -and_„interference ydth 
' re production ma y^ al^ occur. Deficiency also" leads; "to"' mght‘, 
"hEDdnessJrom.'intefferehce-with-the-forma^n of the visual purple, i 

Chemistry . — The parallelism between thn" yellow ' colour and 
potency of vitamin A in foods (Steenhock) led to the finding that 
the vitamin is related to the pigment carote ne. It has been shown 
that the administration of carotene causef^the characteristic -blue 
-colour.-with-antimony_trichlpride to appear in the livers and prevents 
signs of deficiency in rats fed on a diet deficient in vitamiu A. 
The_results_suggest-that~cffiro^e?i6~is.conyerted into..the._yitamin in 
t he l ive r. There are in nature a number of pro-vitamins A or 
carotinoids which have themselves been synthesised in plants from 
precursors by the influence of light, but these appear to be only 
of value to man as precursors. Vitamin A is . a n unsa turated i' 
alcohol having the formula CgoHggOL Its” strong absorption band ‘’I, 
in the ultra-violet is characteristic^ ami is made use of in estimations. ’ 
On oxidation it becomes converted into a derivative of carotene '< 
known as geronic acid. 

The vitamin A standard is the vitamin activity of 0'6 microgram j' 
of a standard preparation of /3-carotene and about four times this | 
will prevent signs of deflciency in rats on a diet deficient in this 
vitamin. ■ ' - 

The vitamin is stored, especiallyjn the livers of aA[mals,.a fact : 
which no doubt doe'sunuclTto counteracTTheAffect of any temporary | 
reduction in the diet. It is also found in the t estis, ova ry.-and-i 
adrenal,jcor.tex, a fact which may be of importance in regard to I 
reproduction. 

A vitamin A which differs in its absorption spectrum has been 
differentiated, but its action appears to be similar. 

The Antirachitic or Calcifying Vitamin D, and Sunlight. — 
Jn the study of animals fed on diets deficient in vitamin A it was 
found that rickets was commonly produced, and later it was 
recognised that the antirachitic and growth-promoting vitamins • 
were present in different amounts in fats from different sources. 

Source . — This vitamin has the same source as vitamin A, but I 
may he distinguished from the latter -by the fact that it is less:! 
easily oxidised; for example, cod-liver oil if exposed to the action] 
of ultra-violet light or of oxygen at 100° 0. for twenty-eight hours 
loses its power to cure xerophthalmia in rats while the action of 
vitamin D remains (LIcCollum). It_therefore withstands ordinary 
cooking,, and. Butter, on the other* hand, 
is less active than cod-liver oil in curing rickets,' although more 
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efTective in curing xerophthalmia. Vitamin A may also be 
, distingnished by the fact that it gives a blue colour with antimony 
; chloride. Vitamin D is present in small quantities in vegetable 
■■ oils which contain no ritamin A. Tunny fish-liver oil contains - 
I most. This vitamin is present in yeast and a wide range of lower 
; plants when fresh, but they rapidly lose their vitamin when cut. 
As in the case of A, ordinary mnter milk, therefore, contains very 



Tio. l-ir*.'-Kickct'; in man. (Drawn Tio. MC.— Dickcts in a doj'. 

from a jyhoto'^ph by J. C. Jirasli (Drawn from a photograph by 

of thn skrlf'ton oV Dowtd Joseph in K. and >1. Mdlanby.) 

the Anatomical Jiuseum in the 
University of Edinburgh.) 

little of tlie vitamin unless the cows have been specially fed on 
fresli green food. 

Dejicicnci /. — The absence of vitamin D or of sunlight leads 
to imperfect calcification of the bones (rickets) and of the teeth, 
and' in this connection it may be noted that, in 1906, Hopkins 
suggested this porssibility, whicli was subsequently confirmed experi- 
mentally on dogs by E. Mollanhy, to be due to the absence of ca 
fat soluble vitamin, although at that stage vitamin D had not 
been separated from A. In rickets the bones axe so soft that 
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Fio. 14Ca. — Photographs of the surface and photomicrographs of sections of the louver carnassials of four puppies of the 
same litter. The basal dioi included oatmeal, peanut oil, separated milk powder, salt, yeast, lean meat and orange 
juice, and was the same for all. . . , . ^ 

A. Basal diet ouly. The enamel surface is rough and pigmented. Histologically the enamel is very thin and the 

dentine is also very thin and poorly calcified, showing many large interglobular spaces. , . „ ^ 

B. Carotene added to the basal diet. The enamel surface is rough and pigmented. Histologically the enamel Is 
thin and slightly pigmented, while the dentine is thicker than in A but shows many interglobular spaces. 

C. Radiostol added to the basal diet. The enamel surface is comparatively smooth and white. Histologically the 
enamel is thick and well calcified, while the dentine is very much thicker than in B and well calcified. 

D. Carotene and radiostol added to the basal diet. The enamel surface is comparatively smooth and white. The 
section shows thick enamel and w'ell calcified dentine. (Lady Mellanby.) 

race page SSO. 
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the legs bend under the weight of the body. Bow-legs, knock- 
knees, and many other deformities especially of the spine and 
pelvis may occur. The child is described as having “ the head of a 
philosopher, the, legs of a grand piano, and, the belly of a poisoned 
pup.” There is lowered phosphorus (1'5 mg. per 100 c.c. instead- of | 
5 mg.) and calcium* in the blood. The bones of rachitic animals will i 
calcify. if incubated in normal serum, but not in rachitic serum, 
showing that the hone has the power to calcify if the salts are 
available. (See Hess, 1929.) 

That lack of vitamin D produces dental car^ has now been 
abundantly proved by Lady Mellanby, althoughrapparently, some 
persons require more vitamin D than others. . There seems to be 
little doubt too that many children in receipt of a full quantity 
of vitamin D have caries because of their difficulty in digesting 
fat or other digestive disturbances. Attention to the diet and -the 
giving of vitamin without the fat may result' in striking improve- 
ment. Bor complete dental . developments carotene appears to be 
also an advantage. See fig. 146a. (See Mellanby, 1928, and 
Marshall, 1924). It seems probable, however, that there may be 
still some unknown factors, possibly local conditions in the mouth, 
for rickets and caries are not necessarily both present in the same 
individual. 

The function of the vitanoin is, apparently, to correct any| 
improper balance between the calcium and phosphorus intake, and] 
the greater the disproportion of these two elements the more 
important the vitamin, but even if these substances are present in 
proper amounts the vitamin is necessary. The vitamin appears 
to increase the retention in the body of calcium which may be 
available in the food, probably by increasing the amount absorbed 
from the intestine. 

Hot long ago there were opposing views on rickets and its 
treatment. One group of workers insisted on the importance of 
diet (E. Mellanby and others), and another insisted on exercise and 
sunlight (L. Findlay, Baton). The discovery by Huldschinsky in 
1919, that ultra-violet light would cure rickets and that vitamin D 
may be produced in foods by similar treatment, has shown that both 
were right. This production of the vitamin D 2 by irradiation depends 
on the presence of ergosterol (a sterol first . obtained from ergot), 
but it has been found that Y-dehydro-cholesterol also becomes active ■ 
when irradiated (D3). In man, it is assumed that t^e sunlight 
activates ergosterol in the skin, for the feeding, of excised human 
skin if irradiated will, protect rats against rickets but not if not 
irradiated. How this occurs is not yet clear, since the penetrating 
power of ultra-violet light through skin is very poor, being only 
* The calcium also falls, but later. 
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, a millimetre Excess of the vitamin leads to excessive precipitation 
j of calcium throughout the body especially in the arteries and kidneys 
J(Kxeitmar and MoU). 

Chemistry. — A pure crystalline substance “calciferol,” which is 
a distillate of. irradiated ergosterol which has "all the properties of 
vitamin D, has now been prepared (Bourdillon) and found to bo 
the isomer of ergosterol. The activity of 0-025 microgram of this 
has been adopted as the international unit. 

There is increasing agreement that children should be supplied 
with 600-V00 units daily and adults with about 200 units (Jlmistry 
of Health) associated with an adequate supply of calcium and 
phosphorus. 

Vitamin D is antagonised by feeding animals on certain cereals, 
especially maize and oatmeal, which contain phytic acid. ■ If, 
however, the oatmeal is cooked slowly the phytie acid is destroyed 
by' a phytase normally present. Wholemeal bread is therefore 
rachitic but not porridge properly made and especially ^Yhen taken 
with whole milk. 

In conclusion it may' be added that the making of a few dogs 
rickety has resulted in almost banishing from Britain a disease which, 
until comparatively recently, was responsible for the death or 
crippling of thousands of children. This is a fact worthy of 
contemplation by those who condemn animal experiments. 

I The Water-Soluhle Antineuritic Vitamin — Source . — This 

/vitamin is contained in the . outer.. layer„of-all_,seed6, which layer 
I contains the i^b^m .plant, and .may be- removed, in milling. It is 
thefeforb 'practically absent in white flours, but present in whole- 
meal flours. Since it is fairly resistant to heat, it survives ordinary 
baking, provided the temperature does not go above 100° 0. The 
vitamin is also present in the yolk ol eggs but not in the white, 
and milk and meat contain very little. Commercial preparations are 
made from yeast, a rich source of this vitamin, and also from 
rice polishings and bran. 

Deficiency . — It W’as observed by Eijkmann* in Java, in 1890, that . 
the use of polished rice led to the production of so-called polyneuritis, 
which caused paralysis both in man and in birds, although the diet 
was apparently otherwise adequate. The addition of. the rice 
polisliings, or of aqueous extracts of these to the diet, cured and 
prevented the condition. 

The peripheral neuritis which results in paralys is or weakness 
of muscles and in anasthe-sia, has led to the vitamin being known as 
the'antineuritic one. Tliis avitaminosis is characterised by general 
wasting and . degeneratipn of tissues which are due to the inanition 
following a l ack of a ppetite specific to the lack of vitamin B^. In 
^ Eykmann and Hopkins shared a Nobel Prize for their discoveries. 
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pigeons there is opisthotonos (dorsiflexion. of the spinal column), 
convulsions from involvement of the brain— and death in about 
four days after complete lack. Both acute and chronic symptoms 
are known; unlike the former the latter do not clear up quickly 
when the vitamin is given. Beproduction is indirectly, affected by 

qxygen.laek. 

In man the disease is known as b.eri-beri, in which there are 
commonly nerve degenerations due to a simultaneous vitamin-A 
deficiency which must be treated also (Strong and Crowell). 



Fiq. 147.~Pigeon suffering from vitamin 
deficiency. 



Fig. l48.^Sanie pigeon after the adminis* 
tration of the vitamin. (From iLR.C. 
Report.) 


According to McCarrison, deficiency of this vita min causes an 
increas e in the size^of.„the_suprarenal and is responsible-for- much- 
genrn^'Tttfalaise'.and laclTot’^igdur-in'^an. It is claimed also that 
deficiency in this vitamin results in a_loss_jO,L.tone of the gastro- 
intestinal muscles. 

Beri-beri was common amongst the rice-eating , peoples and 
in 1880 afflicted more than one-third of the Japanese Navy; but 
in 1885 a change to a mixed European ration reduced the in- 
cidence to negligible proportions, although its exact cause was not 
recognised. Deficien cy produces. ,a. hypertrophy . ,oi the adrenal 
cortex and a 50 cen i_jeduction,,of the zinc content of the 
sKn and nails. Some animals, such as sheep and cattle, appear 
to~Be~al51er't6 synthesise the vitamin by means of their alimentary 
bacteria. 

Ghemisto'y. — Jansen, Windaus, Peters and others have succeeded 
in extracting from yeast crystals of a vitamin Bj hydrochloride,. 
GigHjeON^S, 2HC1, of which 0-002 mg. per day protects pigeons 
against the neuritic symptoms. The crystals give a specific diazo- 
pink colour reaction (Kinnersley and Peters) and according to 
Williams have a pyriinidine-thiazole nucleus.* This is now known 

* Its chemical name is 4-melhyl-5-i3-hydroxy-ethyl-N ([2 methyl-4 amino- 
pyrimidyl-5] methyl) thiazolium-chloride-hydrochloride. 
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as aneurin or thianime, vrliicli has a complicated structure coiitainino' 
a pyrimidine group and sulphur. ° 


H3CC CNHoHCl HC CCHo.CHoOH 

1 1 “ 1 ii ' “ ■ 

N C. /N C.CH 3 

^CH.t / 1 

un . Cl 

The international unit is 10 jrng . of a standard absorption 
product prepared from rice polisliings ; 20-30 mg. of this will cure 
polyneuritis in a pigeon of standard ^Yeight (300 grams). About 
200 units appear to be needed daily b)" man. Vitamin Bj is quite 
stable in strong acids but Js liable to be destrp3’'ed by heat in neutral 
and' alkaline' solutions. It survives all^prclinary; cooking. Its 
precursor in plants is unknownT” Tt* is non-toxic in large amounts. 
All excess taken is destroyed or excrete^ in_the urine. and gastric 
I juice. In milk and eggs it is fealiy^an excretion for the benefit 
. of the young. 

Action , — The vitamin is intimately concerned with the enzyme 
system responsible for the breakdown of pyruvic acid, an intermediate 
compound between glucose and carbon dioxide, and in deficiency 
the pyruvic acid content* qf the iirine is increased. So far as at 
present known beri-beri is the only example of a disease resulting 
from the paralysis of a single enzjune system, the animal otherwise 
r being quite normal. Peters and his associates have shown that 
f minute amounts of the vitamin will improve the oxygen uptake, 

; indicating that it is a tone tissue catalyst. 

Vitamin Complex. — This was first thought to he a single 

substance like vitamin but it is known to consist of several 
factors. The_pellagra-preveniing and - antidermatitis factors are 
thermostable and not present in the same amount in alcoholic 
extracts of yeast as \itamin By The factors of the complex are : — 

1, Nicotinic, acid. The amide of nicotinic acid is part of the 

molecule of co-zymase, which plays an important part in the 
metabolism of carbohydrates. Deficiency results in pgBagES^ ^ 
disease of 'maize-eating peoples, characterised by itchy 'der^titis, 
soinetirnes pustular, great intestinal disturbance, diarrhoea, and 
degeneration of the bowel-wall. 

2. Piibo-flayijQ forms the prosthetic group of V^rburg’s. .yellow 
oxidatlbh^ enzyirie and is probabi)' an oxidation catalj'st. Like 
I nicotinic acid it is present in eggsjiyer, milk, and' yeast, but appears 
I to be present in all animal and plant cells — ^in the latter especially 
when germinating. Considerable quantities are present in young 
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green leaves. The -chief results of its absence are inflammation -of 
the lips and mouth, dny— dermatiti s, and ocular lesions . Young \ 
animals, especially rats, chicks, and dogs, cease-to-.gro,w in a few 
days if it is absent from their diets. 

The daily requirement of riboflavine, as judged by the amount 
of intake needed to give the urinary output of the magnitude seen \ 
-in normal individuals, is considered to be 2 tg_3_mg._per...day. It 
is more_heat-stable than thiamin. It is__nptlstored .in_thOpdy, is 
noh -ioxic in excess, anfl is excretedlrTthe fajces. As in the case of 
Bj excessive fat in the diet appears to increase the need for the 
vitamin, which also appears to act in conjunction with in 
other ways. 

3, Vitamin Bg pyridoxin has somewhat the same properties and 
sources as the pellagra-preventing factor but does not cure pellagra 
or its analogue “black tongue” in dogs. Its absence leads to'i 
dematitis, loss of hair, and swelling.jof _ the ears and paws which 
are ^6t''cured'”by nicbtimcT'acid (H. Chick). It is said to act asi 
a sedative in man, and in large doses is toxic to the nervous system 
of rats. 

Probably there are still other factors not yet identifled, especially 
necessary for birds. 

The Water-Soluble Antiscorbutic Vitamin 0. — This vitamin ■ 
is contained in fresh-fr-uit-^and--vegetaTflesramd"imgreen.le^es and 
_^germinating seeds; in the days of sailing ships the absence of such; 
suHstances led to scurvy, the curse of the Navy and Mercantile 
Marine, and of expeditions. The vitamin is easily oxidised, especially 
in aIkaline,.solution_and . if cooking is prolonged, as in stews ; hence 
ik~is les 3-liable„to. be. destroyed in copking when, acid, Curiously 
enough, West Indian limes are deficient in this vitamin and the 
substitution of lime-juice for other fruits led to many outbreaks of 
scurvy. Oranges and lemons are good sources and especially 
rose-hips, nettles, black currants, and horse-radish. Even potatoes 
apparently contain sufficient for some people, but not in winter. 

The disease was referred to by Captain Cook and by Vasco 
da Grama who lost 100 out of 160 of his men from the disease in 
his famous voyage round the Cape of Good Hope. It is to Lind 
of the British Navy that we owe the credit of the first demonstration, 
in 1757, that oranges and lemons were the best treatment for the 
disease, although the fact was not fully appreciated until 1907 when 
Holst and Frohlich produced experimental scurvy in guinea-pigs. 
Mild scurvy is not an’ uncommon disease especially under conditions 
of malnutrition. It may occur in infants fed on proprietary foods 
and in patients on restricted diets. * \ 

Deficimcy . — Scurvy is characterised by ,great-weakness, Aondency-i- 
to fracture s and h8emorrhage^..especially. from, the. gums, .be.cause__q| j 
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fragility of the capillaries, with loosening of the tee^i; it is 
accehtua tecl'liy ' liai'd ‘ physical . work. 

tke gninea-pig, and a few bacteria is vilaniin C 
absolutely essential. It is particularly important in wound healing 
' and in the repair of fractures, and appears to be concerneH with the 
j growth of fibrous tissue and of bone. The essential deficiency is a 
reduction^of oxygen-uptake of tissues geneTalljC 'Tt has be^^^ 
that persons suffering from surgical tuberculosis and chronic 
rheumatism are deficient in vitamin C and this may be responsible 
for their failure to recover easily from such infections. The giving 
of fruit to sick patients generally may indeed have a therapeutic 
value and a scientific basis. * 

Chemistry , — The vitamin is now known to be asco rbic acid 
(CcHgOg.). The s tron gly reducing powers of antiscorbutic extracts 
of lemon juice (2ilvaj led to its being identified with other strongly 
reducing substances in many plants and in the cortex of the 
adrenals (Tillmans and Hirsch). It eve n_reduces Teliling's solution 
in..the_^ld. 

This powerful reducing action of ascorbic acid was first noted 
by Szent-Gyorgyi who found that it reduced 2-6-dichlorophenol 
indophenol in acid solution (pHg), and much has since been made of 
this observation. By its use it has been found that ascorbic acid is 
excreted in the urine to the extent of 20 to 30 mg. daily. The time 
taken to decolorise the substance when injected under the skin 
is also used as a test. It is considered that at least this amount 
^excreted should be supplied daily (Harris). 

It is possible to make use of a similar test in finding out the 
vitamin C content of foods before and after cooking. An extract is 
made of the food with dilute trichloracetic acj.d and filtered. The 
vitamin content is determined by finding how much is needed to 
decolorise a known volume of the indicator previously standardised 
against ascorbic acid. By such studies it can be shown that if 
vegetables are cooked in alkali or chopped up their vitamin C is 
destroyed by the oxidase of the tissue juices, ^he vitamin is more 
stable in .acid^solution. 

Ascorbic acid has now been synthesised and crystallised, but the 
form of its crystals depends on the conditibiis’ of its crystallisation. 
They may be needle-shaped or rhomboid. 

The international unit is the activity of 0*05 mg. 1-ascorbic acid. 

Vitamin P is a substance in lemon juice ‘which is much more 
effective than ascorbic acid in treating certain cases of increased 
capillary permeability. It is called citrin. 

Vitamin R — Tlie third fat-soluble vitamin is made by plants, 
and the best-known source of it is an oil extracted, from, sprouting 
wheat germs, but it is present in many vegetable oils, e,g, olive oil. 
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There is a little in animal fats. Its absence results in_sterility in 
rats otherwise fertile. This is due m the JemaTe''to'’faiiure of the ' 
.f<ntus“jto“^hw normally, although the mother'appears" to be normal 
I n the" male' the re _.is,.degeneration-.of. .,the_ testis. An interesting 
■^servation is that of Verzdr who has found that the intraperitoneal " 
injection of the vitamin has a similar effect in rats to the injection of 
an extract of the anterior lobe of the pituitary body, and it is suggested 
that the' vitamin Js necessary f^ normal pituitary function. This 
vitaniin has been found valuable ”in ;the. ,treathient.‘ of habitual J 
abortion. The pure vitamin has been shown to be three oily 
colourless alcohols, one, a-tocopherol, having the formula C 29 H 4 g 02 . 

/ Vitamin H — Biotin. — This vitamin is widely distributed in the plant kingdom, 

S but is especially concentrated in seeds. Deficiency in rats- causes -progressive 
\ emaciation, dermatitis, .^and deaths In man there is lassitude and sleepiness, an. 

/ asheri«jpalldrldf.ltlie.skin, which becomes dry and brawny with a tendency to acne 
i and boils. Symptoms have also been produced experimentally in man, on diets 
consisting of one-third desiccated egg-white, but it is doubtful if it is ever formed 
as a result of faulty natural diet. An anti-egg-white-injury factor can be isolated 
f,,m liver. ^ 

Vitamin K (Koagulation-Vitamin.) — It is found that if this 
. vitamin is deficient from the diet of chicks, their blood clots very 
slowly, due to a deficiency., of ..prothrombin. The natural vitamin 
which occurs, 'e3pecially-in..gr.ee n leave s (such as cabbage, .spinach), 
.,egg... yolk, liver, and certain bacteria, has~been”^3iown to have a 
napthoquinone nucleus with a long phytyl tail. I'or_the absorption 
of the .yitarnin, bile, is , necessary, therefore in certain diseases of the 
liver and in biliary obstruction prothrombin may be deficient. The 
vitamin has now been used in the treatment of hsemorrhagic states 
in infants. . 

The Biological Estimation of Vitamins. — In order to determine 
the amount of vitamin in a given foodstuff, when a chemical test 
is not available, it is necessary to find out the minimum amount of 
the foodstuff which will just prevent a particular deficiency disease 
in an animal placed on a diet sufficient in every other way. For 
example, to study vitamin A, rats are fed on caseinogen to supply 
protein, starch, salt mixtures, and substances containing all the 
vitamins except A. 

In most cases, however, the application of facts discovered by 
animal experiments have proved themselves to be of inestimable 
value to mankind. 

Geneiiai, References. — Rosenberg, 1942. _ (IZ7ie Chemistry and Physiology of the 
Vitamins), Mellanby, 1934. {Nutrition and Disease), Harris, 1938. 

Vitamins and Human Diets. — The whole subject of vitamins 
is of national importance,.. and it.. is . evident that many classes of 
■ the community do .not obtain the infinitesimally small amounts 
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necessary to maintain good health; although they may avoid gross 
disease, many indefinite indispositions may be related to the absence 
or deficiency of these substances. 

The following statement is taken from a recent Medical Eesearch 
Council Eeport: — “So far as AVestem civilisation is concerned it 
is no doubt true that the rareness of the occurrence of frank 
deficiency diseases such as scurvy, .xerophthalmia, and beri-beri 
indicates that an absolute deficiency of ^’itamins scarcely ever 
exists in the individual diet. 

“ On the other hand, it is now becoming generally recognised that 
much subnormal health and development, and even incidence of 
disease, are associated with a partial deficiency of one or more of 
these accessory substances. The influence of such partial deficiencies 
even when relatively slight may be extremely serious when they 
occur in early life and, if we may judge from the results of experi- 
ments on animals, an adequate supply of these indispensable dietary 
components later in life may fail to make good the damage caused 
by a deficiency in youth.” The Eeport gives numerous examples of 
the occurrence of such deficiency disease, latent or actual, when for 
one reason or another patients have been placed on special diets. 
Such deficiency diseases occasionally occur in individuals living for 
a long time on restricted diets — cases of gastric ulcer, food cranks, 
and children fed on proprietary foods. 

One remarkable development of the experimental study of the 
lack of vitamins on animals has been the large number of degenerative 
changes, especially in the central nervous system, which have been 
discovered. There is good reason to hope that this may eventually 
throw light on the many "very obscure and commonly fatal nervous 
diseases which are found in man. 

"We have already referred to the successful treatment of dental 
caries by means of vitamin D. This emphasises the point that 
apparently circumstances can occur, possibly intestinal, which cause 
a diet which is sufficient for one person to be inadequate for another 
even in the same family. 

It must, however, be emphasised that it is not always possible to 
apply the information gained on the lower animals directly to man, 
for some individuals appear to live well on very deficient diets. 

It seems just possible that peoples who have been habitually 
without or short of vitamins may be able to do with less than those 
who have been victims of the "Eat more Emit” and “Drink more 
Iflilk ” campaigns. On the other hand, it becomes evident that the 
alleged benefits of a vegetarian diet, e.g. in rheumatism, may depend 
on an increased vitamin intake. 
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large quantities of albumin and globulin instead., i Microscopically, 
cells from the acini of the mammary gland are seen, wHch contain 
fat globules in their interior; they are called ,co/osteiim co 7 y?<scZcs. 

Reaction and Specific Gravity. — ^e reaction of . iresh,,cow’s ’ 
milk and of human m ilk is ampho teric. This is due to the presence 
of both acid- and alkaline salts. All milk readily turns acid or sour • 
as the result of fermentative change, part of its lactosejheingjfeans- : v' ' 
.foxmedjmto -iactic.- acid- The specific gravity of milk is usually' .. . 

ascertained with the hydrometer. That of normal cow’s milk varies . • - 

from 1028 to 1034. When the milk is skimmed the specific gravity 
rises, owing to the removal of the light constituent, the fat, to 1033 ,, , . . 

to, 1037. In all cases the specific gravity of water is taken as 1000. 

Composition. — The following table (Bunge) contrasts the milk 
of woman and the cow ; but it must be understood that' these are 



Woman. 

Cow. 

P C..c4- 

Proteins (caseinogen and albumin) 

Butter (fat) i 

Lactose 

Salts 

Vitamins A, D, B, C, . 

V ' 

i rPer c^nt. 

6'2'7- 

0-2 

+ + + + + 

Per cenWi 

-- 3-5 ' 

34 

V-t- 


average figures and are not strictly applicable to any particular , . . 
individual. (Thus, for example, the Erisian-cow produces a more , 

plentiful but more dilute milk than an Ayrshire cow—iand human ■. ( ' 
milk varies from time to time in the same individual. rHence, in — 

feeding infants on„,cow’s_niilk,. it. is neeessary„to ...dilute. it, ,,and..add. 
sugariand a little cream to make, it . approximately equal, to .natural , ' 

..human milk'. Separated milk contains only about 0'5 per cent, of fat. 

fiiie Proteins of Milk. — The principal protein in milk is called 
caseinogen ; it is 'preci'pitahU by acids such as acetic acid, and also by , 
saturation with magnesium sulphate, or.half saturation with ammonium | 
sulphate, so resembling globulins; it_.i,^,.CQ« 5 '?dafed .. by,, rennet to | 
form casein, j Cheese consists of casein with the entangled fat.]; 

The other protein in milk It is present in small 

quantities only ; .it differs in some of its properties (specific rotation, 
coagulation teiriperature, etc.) from seriun-albumin. i Human milk .. 
contains more than cow’s. ‘7 /. ‘ . 

The Coagulation of Milk. — Milk is coagulated by -rennin,. an 
enzyme secreted by the stomach, especially in sucking animals. 

Advantage is taken of , this 'in the making of cheese, and of curds 
and whey or junket. The .renne t, as it is called commercially, is 
generally obtained from the calf. , _ 

Some plants also contain a rennin, especially seaweeds.. 




It 


Food 




SUJt a?5*° I 




Motion 


Pa ag 

%®®ogea“ 


®' »itered 


:.''®We 


J*"®® 0?*®" 0^™ ®ioi„; 

’ ^eoiie/- • ^^^dUa^f-^TFeiDih 




P. 


(butter) ® ctSi 

sen^s 5®. ^iafc ooiiiD • • fre" 

‘ie fei „, ./ 




‘^irzy<«i h.yy ■*““2 ®o« 

PWaeal” “fjWesif .?® of acid. 


ar/‘*L°''»* 


^act, 


P^operr"^' 



es ha - ^^Sn "" ' " ^ -7':^^oJestero7 aW'™® 

fiJiiP ig \^ee CarbrJl^S^aO, )'^-'rr - 
Js a p^^'^ed to g{^^®^es.;'v, 

®ad ,•„■ !?-i ‘° ‘I ‘fe '-■ ' 




'; ““^«)se inf„ ■‘t Js ao#- / zuyi 

cont.,‘™a.r,a„d 


p-r<. . ®°^fe 

£"£;£' if - 5is¥=I5i*srf|5' 

obsfit® ??'^ed anw 


ubief 




® ii'do" ® i'?'’“"“ 


acd 
JS of 


®*d^^>^S POJ.SI°“®g 8 . 


' PfOCfifto 


Por^'n„ 



Pb 


^^ther-Ll!^^U 


'Tb; 


soiQe ba 




/ Jf ^^Its ara 

Sfc 

•■“ "SCJi*” ir> •;«;.s‘te;:/;,> 

S «<JoiesoencB 




MILK 


393 


CH. XXV.] 

The Vitamins of Milk.— Milk contains vitamin^A with, traces 
of 33,,0,.and..D,-.but^nly i f the animal, from which it is derived , is 
fed;pn, a,,smtable„,diet] The milli of' cbwT whicF'maY’noT be gi^^ 
fresh food.,in;,..winter is therefore liable to be deficient. The 
vitamin A will withstand boiling for a short period’ and even drying 
if this is done rapidly. Human milk contains, 5, to 10 tunes more I 

vitamin A than cow’s milk. ; " f 

The Adaptation of Cow’s Milk for Humans. — ^Although a 
wide variety of animals produce milk its variation in composition is 
very great indeed. r 

The .milk , best adapted for the nutrition of the young animal is 
that which comes from its mother, or, at least, from an animal of 
the same species. This is not, however, always possible - in the 
feeding of children, and cow’s, milk has to be substituted, but it 
is always a poor substitute, and it is not always realised that 
in spring cow’s milk may be much richer in fat than in winter, 
especially in some herds. Cow.’s.-milk-'must'-be-diluted,..and,_sugar 
and cream,.. added,.- so„,as.. to . make,„it.. quantitatively, like., .mother’s 
milk,, but even then the question arises whether the essential 
difference between the two kinds of milk is not deeper than one 
of mere quantities; and, in particular, the pendulum of scientific 
opinion has swung backwards and forwards in relation to the 
. question whether the principal protein, called caseinogen, in both, is 
■ reall y—idehtical-iiL-the two„.cases. The caseinogen of human milk 
: curdles in small flocculi in the stomach, so contrasting y^h the 
- heavy curd which cow’s milk forms; and even although the curdling" 
iof cow’s milk be made to occur in smaller fragments by_ mixing the 
imilk with : barley-water *..or„lime water, its digestion proceeds with 
’comparative slowness in the child’A alimentary canal. These are 
^practical points well known to every clinical observer, and in the 
■past they have been attributed, not so much to fundamental 
. differences in the caseinogen itself, as to accidental concomitant 
factors ; the excess of citric acid in human milk, for instance, and 
its paucity in calcium salts, have been held responsible for the 
differences observed in the physical condition of the curd and in its 
digestibility. The lact-albumin of cow’s milk ik often responsible 

for,eczema-in childr en? 

Lactation, or the production of millc from the mammary glands, 
is discussed later in relation to Eeproduction. 

' t 

' . The Mammary Glands. 

The mammary glands are composed of large divisions or lobes, and these are 
again divisible into lobules ; the lobules are composed of the convoluted and dilated 
subdivisions of the main ducts held together by connective tissue. Covering tlie 
general surface of the gland, with the exception of the nipple, is a considerable 
quantity of fat, itself lobulated by sheaths and processes of areolar tissue. 
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The main ducts of the gland, fifteen to twenty .in number, called ^^^tactiferom 
dimte,.are formed, by. the union of the smaller pobular) ducts, a'nd'open by small 
separate orifices through the nipple. At the points of junction of lobular ducts to 
form lactiferous ducts, and just before these enter the base of the nipple, the duels 
are dilated ; and during the period of active secretion by the gland, the dilatations 
form reservoirs for the milk, which collects in and distends them. The walls of 
the gland-ducts are formed of areolar with some imstriped muscular tissue, 
and are lined internally by short columnar and near the nipple by flattened 

epithelium, " ' • , 

During pregnancy the mammary glands undergo changes {evolution) which are 
readily observable. They enlarge, become harder, and more distinctly lobulated ; ' 
the veins on the surface become more prominent. The areola becomes enlarged 
and dusky, with projecting papillae; the nipple, too, becomes more prominent, 
and milk can be squeezed from the orifices of the ducts. This is a very gradual 
process, which commences just after conception, and progresses steadily during 
the whole period of gestation. In the gland itself solid columns of cells bud off 
from the. old alveoli to form new alveoU. But these solid columns after a while 
are converted into tubes by the central cells becoming fatty and being discharged 
as the Colostrum corpuscles above mentioned. After the end of lactation, the 
mamma gradually returns to its original size {involution^ The acini, in the 
early stages of involution, are lined 'with cells in all degrees of vacuolation. As 
involution proceeds, the acini diminish considerably in size, and at length, instead 
of a mosaic of lining epithelial cells (twenty to thirty in each acinus), we have five 
or six nuclei (some with no surrounding protoplasm) lying in an irregular heap 
within the acinus. No secretory nerve^ of the mammary gland have yet_^en 
discovered^ The various changes ^liicb take pJace are produ^d^^Synonhoii^ 
urnnencesT” 


Eggs. 

The chief constituent, of the shell is caJcium^carbonate. The 
white is composed of a richly protein fluid enclosed in a network of 
firmer and more fibrous material. 

The amount of solids is 13*3 per cent ; of this, 12*2 is protein in nature (egg- 
albumin, with smaller quantities of egg-globuIin, and of a raucinoid substance caUed 
.ovo:jnucoid), and the remainder is made up of sugar (0*5 per cent.), traces of fats, 
lecithin, and cholesterol, and 0*6 per cent of inorganic salts. 

The yolk is rich in food materials for the development of the 
future embryo especially a phospho-protein called mtcllvn. 

The nutritive value of eggs is high, as the^’are so readily 
digestible; but the more an egg is cooked the more insoluble do 
its protein constituents become. They are an important source of 
vitamins. 

Meat. 

Meat is composed of the muscular and connective (including 
adipose)^ tissues of certain animals. The flesh of some animals is 
not eaten. This is largely a matter of fashion and of flavour. 

Meat is the most concentrated and most easily assimilable of 
nitrogenous foods. It is our c hief sourc e_ of nitrog en. Its chief solid 
constituent is protein, and the^princi pal prote in is myosin. In addition 
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to the extractives and salts contained in muscle, there' is always a 
certain percentage of fat, even though all visible adipose tissue is 
. dissected off. The fat-cells are placed between the muscle-fibres, 
and the amount of fat so situated varies in different animals ; it is 
particularly abundant in pork; hence the. indigestibility of this form 
of flesh : the fat prevents the gastric juice from obtaining ready access 
to the muscle- fibres. The hanging of meat leads to the formation 
of lactic acid and acid phosphates from organic phosphates and 
these facilitate the formation of gelatin from collagen during cooking. 

Different meats vary very little in composition. All contain 
70 . to, 80~per cent, of water, about 20 per cent, protein and '5 to 1 per 
cent, carbohydrate. The flesh of young animals contains more gelatin 
than that of old. The flavour of meat is due to extractives which 
have an unknown chemical composition. Cooking in any way causes 
a loss of about J of the water. 

The large percentage of water in meat. should be particularly 
noted; if a man wished to take his daily supply of 100 grams of 
protein - entirely in the form of meat, it would be necessary for 
him to consume about 500 grams {i.e. a Little more than 1 lb.) of 
meat. 


Flour. 

White wheat flour is made from the interior of wheat grains, 
and contains the greater proportion of the starch of the grain and 
most of the protein. Whole flour is made from the whole grain 
minus the husk, and thus contains not only the white interior but 
also the harder and browner outer portion of the grain and the 
germ or embryo plant. This region contains a somewhat larger pro- 
portion of protein. Whole flour contains 1 to 2 per cent, more 
protein than the best white flour, but it has ^e_disadyantage of 
being less readily digested. Drown flour contains a certain amount 
of bran in addition ; it is still less digestible, but is useful as a 
mild laxative, the insoluble cellulose mechanically stimulating the 
intestinal canal as it passes along. 

The best flour contains very little sugar. The presence of sugar 
indicates that germination has commenced in the grains. In the 
manufacture of malt from barley this is purposely allowed to 
go on. 

When mixed with water; wheat flour forms a sticky, adhesive mass 
called dough. This is due to the formation of gluten. _G-lu. ten is a 
mixture of two proteins — ^namely,.gliadin, which is soluble in alcohol, 
and glutenin, which is soluble in alkali. The adhesive ' character 
of gluten is due to gliadin; grains_whic2:^are poor in gliadin {e.g. rice) 
cannot be used for bread-making. 
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The following table contrasts the composition of some of the 
more important vegetable foods : — 


Constituents. 

Wlicat. 

Barley. 

Oats. 

Rice. 

- 

. _ _ 

Lentils. 

Peas. 

Potatoes. 

Water . 

.13-6 

13-8 

. 

12-4 

13-1 

12*5 

14*8 

76-0 

Protein 

12-4 

11*1 

10*4 

7*9 

24*8 

23-7 

2*0 

Fat 

1*4 

. 2*2 

i 5*2 

i 0*9 

1 1*9 i 

1 '1-6 

0*2 

Starch- 

67*9 

i 64*9 

; 57*8 

i^76*5 

1 54*8 ; 

49-3 

20*6 

Cellulose . j 

2-5 

* 5*3 

1 11*2 

I 0*6 

1 3*6 

7-5 

0*7 

Mineral salts j 

1*8 

I 2*7 

1 3*0 i 

1 

1 '2*4 

1 

3-1 

1*0 


We see from this table — _ 

1: The great quantity of starch always present. 

2. The small quantity of fat ; that bread is generally eaten with 
butter is a popular recognition of this fact. 

3. Protein, except in potatoes, is pretty abundant, and especially 
80 in the pulses (lentils, peas, qtc.). The protein in the pulses is not 
gluten, but consists mainly of globulins. 

In mineral matter in vegetables, salts of potassium and magnesium 
are, as a rule, more abundant than those of sodium and calcium. 


Bread. 

Bread is made by cooking the dough of wheat flour mixed with 
yeast, salt, and flavouring materials. An enzyme in the flour acts at 
the commencement of the process; when the temperature is kept a 
little over that of the body, and forms dextrin and sugar from the 
starch, and then the alcoholic fermentation, due to the action of the 
yeast, begins. -The bubbles of carbonic acid, burrowing passages 
through the bread, make it light and spongy. This enables the 
digestive juices subsequently ^ to soak, into it readily and affect all 
parts of it. In the later stages, viz., baking, the. temperature is raised, 
the gas and alcohol are expelled from the bread, the yeast is killed, 
and a crust forms from the drying of the outer portions of the dough. 

White bread contains, in 100 parts, 8 to 10 of protein, 55 of 
carbohydrates, 1 of fat, 2 of salts, and the rest water. 


Cooking of Food. 

The cooking of foods is a development of civilisation, and serves 
many useful ends : — 

^1. It destrqysjarasites and prevents danger of infection. This 
'relates not only to bacterial growths, but also to larger parasites, 
such as' tapeworms and trichinae. 
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2. In vegetable foods it breaks.npjbe .starch, grains, bursting 'the 
cellulose and so allowing the digestive juices to come into contact 
with the granulose. 

, 3. In animal foods , it converts the insoluble collagen of the 
universally distributed connective tissues' Ihtb'lihe so^luble gelatin. 
The loosening of the fibres is assisted by the formation 'of 'iteam 
between them. By thus loosening the binding material, the more 
important elements of the food, such as muscle-fibres, are rendered 
accessible to the gastric and other juices. Meat before it is cooked is 
generally kept a certain length of . time t 9 allow. riyo?* mortis to pass off. 

Of the two chief methods of cooking, roasting and boiliii'g,'“the 
former is the more economical, as by its means the meat is first 
surrounded with a coat of coagulated protein on its exterior, which 
keeps in the juices to a great extent, letting little else escape but the 
dripping (fat).* Whereas in boiling, unless both bouillon and bouilli 
are used, there is considerable waste. Cooking, especially boiling, 
renders the proteins more insoluble than they are in the raw state ; but 
this is counterbalanced by the advantages which cooking possesses. 

• In making beef tea and similar extracts of meat it is necessary 
that the meat should be placed in cold water, and this is gradually 
and carefully warmed. In boiling a joint it is usual to put the meat, 
into boiling water at once, so that the outer part is coagulated, and 
the loss of material minimised. ” 

An extremely important point in this connection is that beef 
tea and similar meat extracts should not be regarded as foods. 
They are valuable as pleasant stimulating drinks for invalids, but 
they contain very little of the nutritive material of the meat, their 
chief constituents, next to water, being the, salts and extractives 
of flesh. 

Sou'p contains the extractives of meat, a very small proportion of 
the myosin, and the principal part of the gelatin. The gelatin is 
usually increased by adding bones and fibrous tissue to tbe stock. It 
is the presence of this substance which causes soup when cold to 
gelatinise. 

Adjuncts to Food. 

Among these must be placed : alcohol, the value of which within 
moderate limits is not as a food but as a stimulant,' condiments 
(mustard, pepper, ginger, curry~ powder, etc.), which are stomachic 
stimulants, the abuse of which is followed by dyspeptic troubles ; 
and tea, coffee, cocoa, and similar drinks ; these are stimulants 
chiefly to the nervous system. Tea, coffee, matd (Paraguay), guarana 
(Brazil), cola nut (Central Africa), bush tea (South Africa), and 
a few other plants used in various countries all owe their cliief 
• This statement has recently been called into doubt. 
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property to -an al kaloid called theine or caffeme (trimethyl-xanthine); 
cocoa to the closely related a.]k&\ovd^'^k'eobromin&. (3-7-dimethyl- 
xanthine); coca tp_ cocame. These alkaloids are al l po isonous, and 
; jused in excess, even in the form of infusions of tea and^ coffee, produce 
.‘oyer::excitement,-Joss...of, digestiv e power, , and , other disorders well 
' known to physicians^ Coffee differs . from tea in being rich in 
aromatic matters ; tea contains a bitter principle, tannin ; to avoid 
the injurious solution of too much tannin tea should be allowed to 
infuse (draw) for a few minutes only. Cocoa is not only a stimulant, 
but a food in addition ; it contains about 50 per cent, of fat, and 
12 per cent.' of protein. In manufactoed cocoa, the amount of fat 
is reduced to 30 per cent., and the amount of protein rises pro- 
portionately, to about 20 per cent. The quantity of cocoa usually 
consumed is too small for these food materials to count very much 
in the daily supply. The amount of protein in solution (mainly 
proteose) in a breakfast cup of cocoa is under half a gramme ; most 
of the foodstuffs are in suspension, for cocoa is drunk “ thick,” not 
as a clear infusion. 

Green vegetables are taken as a palatable and valuable adjunct to 
other foods, rather than for their nutritive properties (see Vitamins). 
.Th eir potassium salts,.are, however, abimdant. Cabbage, spinach, /and 
asparagus contain 80 to 92 water, 1 to 2 protein, 2 to 4 carbohydrates, 
and 1 to 1‘5 cellulose per cent. The small arnount of nutriment in 
most green foods accounts for the large meals made by, and the vast 
capacity of the alimentary canal of, herbivorous animals. 

Frtiits, like vegetables, contain chiefly water. They contain also 
organic acids, . e.g. . citric, and their salts, which ’ become oxidised to 
carbonates in thei body. Fruits therefore, with the exception of 
prunes and cranberries, promote an alkalinity^qLJhe body , like a 
vegetable diet generally,. Ffiiits and" ■vegetables are also important 
sources of vitamins, and in ■virtue of their cellulose add appreciably 
to the bulk of the intestinal’ contents and so promote intestinal 
movements. ‘ - - . 


. Refeiience. — Emerson, 1935 (alcohol). 
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THE STEUCTUBE OF THE ALIMENTAEY OANAi IN EELATION 
TO ITS FUNCTION 

In the lowest animals foodstuffs are absorbed through the surface 
from the environment, but the higher animals have developed a 
specialised canal in which the food is prepared for absorption into 
the blood. This is necessary because in nature the food is either 
protected or insoluble, otherwise it would be washed into the soil 
by the rain. 

This alimentary canal, as it is called, is essentially an inlet 
of the body surface with which it is continuous at both ends. 
Physiologically the contents of the alimentary canal may be 
considered outside the body, ie. the tissues of the animal. The 
area over which the food is spread is enormous. If the mucous 
membrane of the small intestine alone was unfolded and laid flat 
its area would be l:5_squar e-metres, but in addition it has projecting 
from its inner surface minute finger-like processes, the villi, which 
it has been calculated make the total up to about 40_square metres. 

The canal is designed to hold a quantity of food, so that eating 
need not be continuous, to digest it",' and so render it suitable for 
absorption into the blood stream, and to return to the outside world 
those portions which are not digestible. In addition it is a route 
by which the body gets rid of any mineral substances which may 
be absorbed in excess. Different parts, of the canal specialise in 
different activities, thus the s tomach is the chief container, the 
sma ll 'ihte~ stine_the chief absorbent region, while the iaTge_intestine 
is primarily concerned with the absorption of water and . also with 
excretion, but there is considerable overlapping. Thus we see a 
common general structure with an exaggeration of some features 
in special regions. These are seen in fig. 150, p. 400. There are 
considerable variations in different animals, among the more 
striking being the dual stomach and the enormous size -of the 
colon in herbivora. 

The food is received into the alimentary canal, which may vary 
in comple:rity from a simple tube in the lower animals^ to that 
found in mammals. In naan the alimentary canal consists of a 
long muscular tube lined by mucous membrane beginning at the 
mouth and. terminating at the anus. It comprises the mouth, 
so.') 
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pharynx, cesophagns or gullet, s tomach, small intestine, and large 
iritestine. Opening into it are numerous glands 'which pour juices 
into it; these bring about the digestion of the food as it passes 

along. Some of the glands, such 
as the gastric and mtestmal 
glands, are situated in the 
mucous, membrane which lines 
the canal; others, such as the 
salivary glands, liver, and pan- 
creas, are situated at a distance 
from the main canal, and pour 
their secretion into it by means 
of_side„tubes . or ducts. 

The outermost coat - of the 
greater portion of the abdominal 
part of the canal has a s erov.s 
coat, or peritoneum of shiny 
p ave ment epithelium, which is 
moistened on~^'fts surface by 
lymph, and thus the canal can 
move freely with the minimum 
of friction on those structures 
with which it comes in contact 
in the abdomen and other parts 
of itself and the abdominal wall, 
which is likewise lined by a 
layer of peritoneum. 

The motive power of the 
canal, by which the food is passed 
on from one part to another, is 
supplied by its muscular coats. 

The Muscular Goat . — This 
consists of two layers: in the 
. outer, the fibres are arranged 
longitudihally^'ahd in the inner. 

Fro. 150.— Alimentary Canal. Ft, parotid gland; cifculariv. In the Stomach, 

T, tongue; O, oesophagus; S, stomach ; GB, • a av j- ^ 

gall-bladder; Pn, pancreas; SI, small intes- 6Specia/lly at thC CaruiaC^, 6IlCl, 

tine; AC, ascending colon; TC, trans^'erso f'hprp -is h fViirr! TwVnf wlilph 

colon; DC, descending colon; PC, pelvic IS a imra^COab, UX WmOU 

colon ; R, rectum ; c, cjecum ; A, appendix, the fibics ha VC an ohliquc di- 
rection. At the pyloric orifice 
of the stomach (that is, where the small intestih'^' begins) the 
cmcular,.. fibres are increased in amount to form a sphincter; but 
at the cardiac orifice where the oesophagus enters there is no special 
ring, hut a considerable area in the region is normally kept in a 
state of contraction, and by its relaxation not only allows food to 
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enter but makes room for it. The muscle-fibres are of the plain 
va riety , except in_ the pharynx and upper part of the oesophagus 
■^ere they are striated. 

The Mucous Menihrane.—Thia-.consists.mf .an on' 

its surface which^ is„stratified.-’ in. . the mouth, pharynx,, oesophagus, 
whi ch is in contact with the rough food, and lower part of the anal • 
canal, but corumhar*in''other"parts: It would seem that this mucous ’ 
membrane, like epithelium elsewhere, becomes adapted to the kind 
of food its possessor habitually takes. Beneath the epithelium iBS-.J. 
a cor , m m of connective tissue, in which there is lymphoid tissue; in 
the intdstine the lyin pho id nodules are often spoken of as solitary 
facies, except in the lower part of the small intestine (the ileum), 
where they are .congregated together - as Peyer’s patches and have 
the . function of protecting the canal against bacterial invasion 
from the bacteria which abound in the large intestine, where, in the * 
herbivorous animals, they perform the very important function 
of digesting cellulose. At the back of the mouth, the tonsils are 
masses of lymphoid nodules covered with mucous membrane. In 
the deepest part of the mucous membrane is a thin layer of involuntary 
-muscle called the muscularis mucosce, through which the ducts of some 
of the deeper glands of Brunner pass in the region of the duodenum. 

The two main coats (muscular and mucous) are connected 
together by a loose layer of connective tissue known as the 
submucous coat. In this the larger blood-vessels are situated which 
give off branches to the other two coats but more abundantly to 
the mucous membrane. The submucous coat also contains a 
nerve plexus called the ple xus of Mei ssner. 

The secreting glands in the wairdf the alimentary canal have 
the' function of producing secretion of juices which are of two kinds, C 
those which contain enzymes which assist in the digestion of the ( 
food, and those which contain mucus which is merely protective 1 
and lubricative. 

Grlands are essentially insets of columnar epithelium the cells • 
of which have become modified and manufacture secretion from ; 
the blood. They may, however, vary much in complexity as 
fig. 151, p. 403, indicates. 

Mucous glands are present thi’oughout the canal and are 
especially"impbrtaht at each end. They are usually simple little 
glands, lying just under the mucous membrane throughout the 
intestine, but in the large intestine there are large goblet cells, 
so-called because the open end after the discharge of mucus gives 
the cell a cup or goblet-like appearance. 

The gastric' glands are tubular glands which differ in structure 
in different 'fegions of the stomach, and which we shall consider 
at greater length in our description of gastric digestion. 
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The ^ glands of the small intestine .- — Throughout the whole of 
the small intestine there are a large number of simple tubular 
glands_(lined with columnar cells) which' open between the villi. 
They_are_called. the crypts of Lieberkiilin. In the first part of the 
small intestine, known as the duodenum, an additional set of glands, 
called the glands of Brunner, is found. They are embedded in the 
submucous coat, and the duct of each gland passes inwards to 
open bn the surface of the mucous membrane. Each gland is a 
branched and convoluted tube lined with columnar epithelium. 

The glands of ^the large intestine consist for the most part of 
mucous cells, but there are also excreting cells which discharge 
unwanted material from the body. 

The associated glands are those. which lie at a small distance 
from the alimentary canal but pour their secretions into its lumen 
by way of ducts. They are the salivary glands whose ducts open 
into the mouth and the liver and pancreas which pour their secretion 
into the duodenum. 

The villi are, as we have said, the minute projecting processes 
which confer an enormous area on the mucous membrane of the 
small intestine. Their limitation to the area where most of the 
absorption of foodstuffs takes place suggests their association with 
this process, and this is supported further by their detailed structure: 
Like the Vest of the intestine their surfaces are covered by a layer 
of columnar epithelium. In the centre of a villus is a vessel or 
lacteal, , so-called by its containing the milk-like chyle when * fat 
is being absorbed, while between the/ lacteal and the mucous 
membrane is a network containing leucocytes, blood-vessels, nerves, 
and strands of smooth muscle, all“of which are intimately concerned 
with the phenomenon of absorption which is discussed in detail 
in a later section. The columnar cells • covering the villi play an 
important part in selecting the substances to be absorbed, but 
interspersed between them are cells which secrete mucus. 

These various facts are illustrated in the following figure. 
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As we have pointed out there is poured into the lumen of the 
alimentary canal a variety of juices called secretions. We shall now 
consider the nature of the secretory process in general; the details 
have been worked out in the salivary glands since these are 
conveniently situated for investigation. 

A secreting apparatus consists essentially of a layer of secreting 
cells surrounding a central cavity into which the secretion is poured. 
The cells, which contain granules representing the precursors of the 
substances secreted, lie on a basement-membrane in close relation to 
the blood-vessels which nourish the gland and which provide it with 
the raw materials of its secretion. That the granules in the, cells are 
not the actual substance secreted but a precursor has been shown by 
chemical means in the case of the glands of the stomach, and by the 
reaction to histological reagents in the case of mucus-secreting glands. 
If the substance secreted is an enzyme the precursor is termed a 
zymogm. Intervening between the blood and the. gland-cells is 
the lymph. 

Pig. 152 semi-diagrammatically shows some of the more important 
anatomicaL distinctions in the form of secreting glands, tubular, 
racemose, and so fortk' 

The process of secretion consists of a number of events which 
may be divided into two categories : 

1. The transference of water and certain substances dissolved 

in the water from the blood of the surrounding capillaries 
to the lumen of the acinus. 

2. The modification of the chemical composition of this solu- 

tion by the addition . to it of substances manufactured 
by the gland-cells, and by the prevention of substances 
in the lymph ‘from traversing the gland-cell and reaching 
the lumen. 


The Nature of the Process of Secretion. 

Great interest has always been aroused by the problem of secretion, 
as it is one of those processes in the body which at first sight might 
be explained on* a physico-chemical basis, but which on further 
m 
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an^ysis is shown to be very much more complicated. From a study, 
largely of the secretion of saliva, certain facts ;have been established* 
in relation to secretion in general. (1) The., osmotic pressure of -the 

so that physically, water would 






Fio. 162.— Diagram of types of secreting glands, a, Simple glands, .viJs., p, straight 
tube ; sac ; i, coiled tube, b, fcltiloculai crypts ; fc, of tubular form ; I, 
saccular, c, Dacemose, or saccular compound gland; entire gland, showing 
branched duct and lobular structure; n, a lobule, detached with' o, branch of 
duct proceeding from it. n, Compound tubular gland. (Sharpey.) 

tend to pass from the saliva into the blood for reasons . which 
have ^already been discussed; (2) the pressure of the . secretion 
in the duet of, _the gland may exceed .the Hood-pressure; and (3) 
suhstaSces occur in the. secretion in greater concentration, c,g. 
enzymes, than they do in the blood, dr substances jnay he, elaborated 
which do not exist in the blood as such at all, d.'^.- thie hydrochloric 
acid of the^stomach. These last two facts dispose of any contention 
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that the secretion is merely filtered off from the blood by a physical 
process. Further it has been calculated that it would require a 
pressure some twenty times greater .than that of the arterial blood 
to produce from the blood a salt solution of the same concentration 
as that of saliva. (4) On the other hand, it can be shown that any 
increased-concentration'df 'the blood, i.e, raising the osmotic pressure 
of_the~blood, reduces secretion. (5) Finally. i t.has been shown that 
the more active .the g l and is the more oxygen is consumed, and it 



is evident that the gland uses fuel and does work in a physical 
sense. Electrical changes, are also, produced. ■ 

It can be shown that this work is done not by the endothelial 
I cells of the vessels but by the cells of the gland, for the gland 
*' if placed in a plethysmograph becomes reduced in size when it 
secretes. A mere dilatation of the vessels set up -by stimulation of 
the nerve brings about in a gland such as the submaxillary, after the 
administration of. atropine to stop secretion, an increased volume. 
If, then, in secretion there is first an increase in permeability of the 
vessels consequent on their dilatation a preliminary increase in 
volume would be expected. This, as we have seen, does hot occur. 
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If the salivary glands are examined histologically, granules can 
be seen to accumulate in the cells of the gland during rest, and 
during secretion_the.granules -swell, are^extruded-irom,. the free, edge 
of the cell, and then dissolved. It is generally agreed that the cell 
dp.es, active work m manufactm^^ the granules, "but’ how the water 
is JLpump,e^ 2 ’I^^° -is -difficult to determine. The 

idea of the “ pump ” ihay be conveniently applied to this process 
which we do not yet understand but which forces fluid into the 
lumen of the gland against forces which tend to retain it in the 
blood. 


It has been suggested that the granules break down into smaller 
mpl^calB^which-mise;;;the'phm6tic pressure and cause water to be 
attocted from. the blood. In part of the cell a 
sol'ution'more dilute than the blood is formed 
and extended, causing an increased concentra- 
tion in the remaining parts of ' the cells which 
attract further water from the blood and lymph. f ° 

Another view is that the side of the cell £^^3^ ^ ° 

next to the basement membrane is impermeable -1- 

to the ■ osmotically active substances manu- 
factored by the cell, while the side next the 
lumen is not. From a tube closed at each end 
by such membranes a flow has been found to 
continue till the osmotically active substance B - : 

is expelled and it is possible that secretion may fio. 164.— {Prom -wishart.) 
be similarly produced. 

We do not, however, really know ; and still less have we any idea 
how secretion can. be controlled by nerves, unless it be that the 
nerves cause the production of substances which influence the 
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Fig. 154. — (From 'Wishart.) 


permeability of cells of the gland'. 

All glands...are under the control of .two, sets of nerves, the j 
sympathetic .,and_, the.. .parasympathetic. In^ the alimentary , canal * 
the sympathetic stops true secretion although ’it may cause existing 


secretion .to.be driven, from the gland. Stimulation of the para- ’• 
sympathetic, or the use of a drug such as pilocarpine which has 1 
a similar action, increases secretion, while atropine. cause_s_a cessation 
of glandular activity. In surgical operations, especially on the hose 
and throat, atropine is an important means of reducing the secretion 
in these regions. 


References. — ^\nncenl, 1924, and Wishart, 1931. 
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The saliva is formed by three pairs of saKvary glands, called the 
paro.tid,.submaxiikry,^and subU^ glands. ; 

The parotid. glands^„are_serous glands and secrete most of the 
saliva, the sublingual glands are/ mucous, and the submaxillaries 
mixed in lype. 

If a restmg fresh mucous gland is teased and examined in serum 
the cells are seen to be packed with large granules '^of 2 M^cmogm, 
which, when the gland is active, is transformed into mucin. The 
serous cells, which in a mixed gland appear as ^^emilunes or crescents 
' round the mucous cells, are smaller, and are full of fine granules 
; of zymogen which becomes converted into ptyalin the important 
\ digestive enzyme of the saliva. 

After secretion the cells shrink, the y stain more re^ly, their 
nuclei become more conspicuous, and the outer part of each cell 
becomes clear and free from granules~(fi^ 155)7*^ ^ 








1 


1 












V Fia. 155. — Alveoli of parotid gland. A, before secretion ; B, in the first stage of secretion; 



The sTibmaxillary gland has a double nerve-supply: (1) A 
parasympathetic supply from the chorda tympahi, a branch of the 
c,.^6eventh""craiiiair ‘travels with the lingual nerve and passes to 
Langley’s ganglion in the hilus of the gland, where post- ganglionic 
i fibres, arise to be distributed to cells and blood-vessels. 

(2) A sympathetic supply is derived from the plexus -nround- 
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■t he f acial artery and accompanies the arterial branches , which supply 
the gland (see fig. 156).-' 

When the chorda tympani is stimulated,. secretion-of'.saliva,and 
dilatation of the arterioles, take place invariably, but the- action of 
atoppine indicates that these two 
effects are quite distinct^, although, 
no_dpubt, meta boli tes noimally assist 
in causing the vasodilatation. Differ- 
ences occur according to the strength 
and frequency of the stimulating 
current, but on the whole it would 
seem that 'the chorda„ controls the 
amount of secretion produced. 
jEecent iuvestigations have shown 
■ that the part played by the sympa- 
thetic differs so widely in different 
animals that the many theories 
formerly advanced of the relative part 
played by the two nerves must be 
regarded as mere matters of specu- 
lation (Babkin.) In the dog the 
secretion caused by sympathetic 
stimulation is thick, but in the cat it . 
is thin. ■ 



Fio. 15C.— DiabTam of secretory nerves of 
submaxUlary ami aubliiiijual glands. 
Two fibres of the chorda tyrapani (Ch.) 
are shown, one of which supplies the 
sublingual gland, of which an acinus is 
shown ; the cell-station for this is in S. 
G., t he so-called submaxilla ry g^jglion^ 
The otheFfihre supplies an’aTcin'us of th'i? 
submaxillary gland ; its cell-station is in 
Langley’s ganglion (L. G.), within the 
substance of tlie gland. Sy. is a fibre of 
the sympathetx, which has its cell- 
station in the superior cervical ganglion, 
S. C- G. (After Dixon.) 


Section of the chorda tympani produces 
no immediate result ; "biit after-.a. few days a 
scanty but continuous secretion of thin 
watery saliva takes place; this is 'called paralytic secretion. If the operation is 
performed on one side, the gland of the opposite side also shows a similar condition, 
and the thin saliva secreted there is called the aniUytic secretion. This suggests 
that the chorda exercises a trophic or nutritive ftmctioh in relation to the cells of 
the gland. 


Besides the secretory mechanism regulated chiefly by the 
parasympathetic there is another which expresses the saHva from 
the gland. This mechanism is probably under the control of the 
sympathetic (Babkin), but it is not yet clear what histological 
; elements are responsible for tlnSip)ressor effect. 

fi Effect of Drugs on the 'dland. Atropine. — ^After intravenous 
I}' injection of this alkaloid, stimulation of the chorda tympani no longer 
( produces secretion of saliva. . Much larger doses are necessary to 
^ abolish the vasodilator effect of chorda stimulation, or the sjmpathetic 
flow in those cases where previous stimulation of this nerve evoked a 
secretion of saliva. 

Pilocarpine prodtices a copious flow of saliva, accompanied by 
vasodilatation. The duration of the action of choline is too short to 
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be effective, but we may presume that this substance is produced 
locally when the chorda tympani is stimulated. 

Ergotoxinc paralyses the effects of sympathetic stimulation, but not 
those of stimulation of the chorda tympani. 

Adrenaline produces constriction >oi the blood-vessels. In some 
animals it evokes a considerable flow of saliva, and when this occurs 
the constriction of the vessels is followed by dilatation.;'" This favours 
a view which has been advanced by some observers, thatwasodilatation 
is in part produced by the chemical aqtion of the products of activity 
.(carbonic and lactic acids, ’ / 

The sublingual gland is innervated by the same nerves as the 
submaxillary, but the preganglionic .„fibres of .the chorda tympani 
have^ pell^tatiorrin^the so-called submaj^jary ganglion which 
is" " situa ted between „ the - lingual nerve ' and the ^ deep , part of the 
submaxiliary gland (see. fig. 156). has been determined by 

Langley^s nicotine method (see Autonomic Nervous System)ji 

The parotid gland also receives two sets of nerve-fibres analogous 
to those we have studied in connection with the suhma'sdllary gland. 
The principal secretory nerve-fibres are glosso-pharyngeal in origin, 
and readi the gland eyentually by the auriciilo^temporal ne^e; the 
sympathetic. is mainly vasoconstrictor,; hut in the cat it does contain 
a few secretory fibres also\ 

Mechanism of Salivary Secretion, — Under ordinary conditions 
the secretion of .saliva is a reflex action. The principal afferent nerves 
are those of taste ; but the smell or sight of food will also cause " the 
mouth to water ” ; and imder certain conditions, as before vomiting, 
irritation of the stomach has a similar effect. These sensory nerves 
. stimulate a centre in the medulla from which efferent secretory 
impulses are Teflected^ along the secretory nerves (chorda tympany 
etc.) to the glands. / The subject has been extensively studied by 
Pavlov and Ms pupils, especially Babkin. 

An external fistula of the submaxillary duct is made in the 
dog, and it.is foimd that the sight of food, the smell of food, or the 
administration of any kind of food, causes secretion ; acid or even sand 
introduced into the mouth produces a similar effect. The results on 
the parotid secretion are as follows: if the dog is shown meat or the 
meat is given to it to eat there is only a scanty secretion of tMck 
lubricating saliva (0*5 c.c. per minute). If, however, the meat is given 
as a dry powder, the secretion is much more copious (2 c.c. per minute) 
tMn diluting saliva. In such experiments the dog must be hungry, 
for the psycMcal element involved is important, it-pyobahly is 
the case tha^jall constituents of the food causing secretion produce 
a flow from ‘all the salivary glands, but different substances cause 
different amounts of saliva to flow, and this would naturally result 
from varied stimulation of touch and taste sensory nerve-endings, j 
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The Saliva. 




^^■’i /Pavlov has shown that practically -any stimulus may become a 
“conditioned” stimulus of salivary secretion if the stimulus, e.ff. the 
ringing of a bell, has been previously associated with the giving-, 
of food.” This became the basis of the study of Conditioned Eeflexes.' 

A marked reduction in the amount of saliva secreted' takes place 
under conditions of emotional stress; this used to be the basis of 
one _form of trial by ordeak in which the accused was asked to 
eat a given amount of dry flour, and accounts also for the marked 
dryness of the mouth of public speakers in circumstances which 
bear no relation to their actual water requiremenfe^S^ 

Extirpation of the Salivary Glands.^These may be removed 
in -the, lower animals without any harmful effects. 

Thirst. (See YisceraLSensa^ions.) ^ p. fy> 

The saliva is the fir^t digestive juice to come in contact with the 
food. The secretions from the different salivary glands are mixed in 
the mouth-; the secretion of the minute mucous glands of the mouth 
and a certain number of epithelial scales and the so-called “ salivary 
corpuscles” derived from the tonsils are added to it. The liquid 
is transparent, slightly opalescent, of slimy consistency, and may 
contain lumps of nearly pure mucin. On standing it becomes'cloudy 
owing to the precipitation of ’ calcium carbonate, the carbonic acid, 
wl^ich held it in solution as bicarbonate, escaping. 

three forms of saliva which contribute to the mixture, vary 
in the amount of solids they contain, sublingual has most and parotid 
least. The latter contains no mucin. Mixed saliva contains in man 
an average of about Q;5, per cent, of solids : it has a specific gravity 
of 1002 to 1006 and its reaction varies from h'S to 7;6 according 
to they»H of the blood (Mathur).Yo Ip 

The solid constituents dissolved in saliva m4y be classified thus Y 

Mucin : this may be precipitated by acetic acid. 

Ptyalin ; a starch-digesting enzyme. 

Protein ; of the nature of a globulin. 

Potassium sulphocyanide. 

Sodium. chloride : the most abundant and important salt 
Other salts : sodium carbonate, calcium ^phosphate and 
carbonate ; magnesium phosphate ; potassium chloride. 
Bacteria . Bacteria and viruses may also be present. 




Organic 


Inorganic 


' The Functions of the Saliva. 

The functions of the^ saliva are several. --By its chemical action 
it initiates the digestion of starch, it m(5islefis the fooj^ and the 
mouth thereby facilitating swallowing and speech, whil^it plays 
an important part in cleansing the teetlyand maintaining .the -water 
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The chemical^action.of; saliva is due to its active principle, 
‘ptyalin^ which belongs to the class of enzymes which are called 
amylases (starch-splitting) or diastases /(resembling diastase, the 
similar enzyme in germinating barley and other grains). 

The 'starch is &st split into dextrin and maltose ; the dextrin is 
subsequently converted into maltose also : this occurs more quickly 
with erythro-dextrin, which gives a red colour with iodine, than with 
the other variety of dextrin called achroo-dextrin, which gives no 
colour with iodine. The iollowing provisional equation is given : — 


ao(c,H,oO> 

[Starch.] 

[Maltose!] 


dnHgO 

fW'atflr.] 


— 4:nC^2^22pii 


(CeH^pOg)^ -f 

[ Achroo-dextrin.] [Erythro-dextrin.] 


more slowly, • it 

^ has ho action on cellulose; hencVit is mopefative on starch grains; 
when the cellulose layers are intact. Starches vary appreciably in 
the ease with which they are digested- by salivar ,j^Mere grmding 
will allow the granules of ^ rice and arrowroot to he acted upon but 
not so in the case of wheats It must be remembered that the ^sb 
of the., seed, con tains a diasta tic enzyme which would assist the 
saliva were it not commonly removed by milling or destroyed by 
the processes used in whitening the flour. ^ 

Salivary digestiomby swallowed saliva continues in the stomach 
for a variable' time. (In 'some cases Cannon found that the food lying 
in the fundus of thb stomach of animals in a quiescent horizontal 
posture underwent amylolysis for at least two hours/because the 
relative absence of movement in this region until quite late stages in 
digestion prevented admixture with gastric juice, especially in the 
interior of the swallowed masses. 

If an animal is fed on different coloured foods it wiU be seen 
that the last taken passes into the centre of that which has 
previously entered. In this way the period of salivary digestion 
in the stomach is prolonged, since the food moistened with saliva 
is protected for a time from the gastric juice the ^ci^ty qf y^hich 
destroys ptyajin. /iRecently*Oamjpbell and Pembr^y' have demon- 
.strated;ithat even in man salivary digestion may continue much 
longer than is" commonly supposed; especially is this the case if 
the secretion of gastric juice has been diminished by severe exercise.' 
It is of interest to observe that normally we take fat with starch 
{e.g. butter with bread, creani with pastry, milk with porridge), and 
I that.the effect of fat is to reduce appreciably the amount of gastric 
j secretion and presumably to prolong salivary digestion. 

Ptyalin acts best at about the temperature of the body (36-40® 0.). \ 
For its action, salt ions are necessary, especially the chlorine ion 
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of sodium cMoridefas may be'^en by the rise of blood sugar after 
a carbohydrate meal if salt is given.-' Ptyalin-acts-best in-a neutral ;S 
or slightly acid medium {andJiii„the_presence_ot.small!£amounts of 
sal^^ts ; 'a'smffl' aiho’unt of alkali makes but littletdifference,; a very 
small amount of additional . acid stops its activity;; Starch, .^gestion 
is eventually stopped by the hydrochloric acid secreted by the glands 

of the stomach \vhich destroys the ptyalin.Jl 

lubricating aha' cleansing action of saliva is important 
in relation to speech and swallowing. Dry food is made into a 
plastic mass and lubricated by the mucin, while after a meal the 
saliyEudoes-much _toi. prevent food and debris lodging in the teeth. 
Soihe claim that its buffering - action is an important protection 
against the acids produced by .bacteria which might decalcify the ’ 

~ enamel of the teeth. Certainly caries takes place where such 
clodgment is present.' Whenjthe- saliva is deficient as in fevers the 
moi^th becomes foul and the tongue furred. 

' '>|Tlie -Saliva -and Heat Loss. — Much of the difficulty in 
interpreting the results of stimulation in different animals is 
due to the fact that, saliva is not only a digestive .juice but an 
important substance in maintaining the moisture of the mouth 
in those animals which depenH“~6nneat Toss from the respiratory 
tract, e.g. the dog and sheep.^ji^ In conditions of great fear, c.g. during , 
an air-raid, a dog may -pant and secrete very large amounts of watery ' 
saliva, as it does if it gets too hot. ;/ 

I The Saliva and Water Balance. — ^As we shall see in a later 
section) the moisture of. the mouth determines the sense of thirst 
which ■'is appreciated by the nerve endings at the hack of the 
tongue. Saliva, therefore, plays an important factor in the 
maintenance of the water balance of the body. When the blood 
becomes too concentrated saliva is reduced. 

f The excretory fiinction of saliva is suggested by the various 
substancesTvhicE it may contain, e.g. urea jin_ kidney., disease, sugar 
in pancreatic disease, lead in, lead poisoning, sulphur and calcimn. 
The latter becomes deposited as tartar on the teeth. Bacteria andj 
viruses are also excreted in some diseases and cause the sahva tolj 
become a'source of infection. 
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DIGESTION IN THE STOMACH 


The stomach performs a twofold fimction. fit acts as a ^container 
• of food, a function which is specially important in ruminants which 
regurgitate the food during the act of ruininationA^The stomach 
acts as an organ of digestion by providing facilities for the' continu- 
ation of salivary digestion and by initiating the digestion of the 
proteins; this latter it does in virtue of the gastric juice secreted 
by the glands in its wall. ^ , j - ,■ ; . y . i- , .. ! ; ; 

j. - c Composition of Gastric Juice. 

This Varies according to the time at which the sample is taken 
, after a 'meal, but average figures are given in the following table ; — 

' ' Constituents : — 


Per cent. 


1. Water . . . . . 

2. Enzymes (chiefly pepsin, rennin, lipase) . 

" /3. HCl, free . T. . 

4. Chlorides (inorganic as HCl) 

5. Phosphates 

6: Organic acids . . . 

'"7. Blood-forming (haemopoietic) factor. 

8. Bile which has regurgitated from the 

duodenum. 

9. Mucus. 

10. Nerve-nourishing (Ueuropoietic) factor. 


99-44 

0-32 

0 - 02 - 0-2 

0 - 03 - 0-3 

j-about 0-01 


•jffhe presence of the specific acid was first recorded by Silliman of Yale in 
samples from St Martin. The acidity had been noted by Beaumont. 


I i \ __ 

N r / The Hydrochloric Acid. 

' Of special interest is the jHCl and chloride content of the juice, as 
they have a special relation to gastric nlcer.'TIja^praclice the free HCl 
is estimated by titration 'with N/10 HaOH, using Topfer's reagent, 
which changes from red to yellow at _pH 3'6, as an indicator, then 
total chlorides by the Yolhard method. The content of inorganic 
chlorides is then found by subtracting 1 from 2. The total acidity 
of the juice is estimated, using phenolphthalein, which changes at 
pH 8*3 from colourless to red, as an indicator, and is of interest, as 

4U 
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this, less the free HCl, gives the amount of organic acid -present. It 
must be understood that the chlorides may be expressed as , such 
or as HCl, but one expression, may readily be converted into the 
other by making use of the molecular weights 58’5 NaCl = 36’5 HCl. 
These simple estimations do not 'take into consideration HCl in 
combination with protein. This is really included in the inorganic 
chlorides as estimated above and in the total acidity. 

The normal amount of juice per hour is usually about..200 c.c., 
of which about T85 c.c. is Jree,HCl. The mucus varies very mlich 
in amount and appears to act as a lubricant and. protective. It is. 
greatly increased by irritants. 

The Source of the Hydrochloric Acid . — This acid is produced 
from the oxyntic...ceUs ...of the fundus glands. Th e ch loride comes 
from the klood whose chloride content becomes lowered during 
secretion, but how living cells can produce such a strong acid 
is difficult to understand. The probability now appears to be that 
phosphates play an important part, and that the acid is released 
according to the reaction HaH 2 P 04 + NaOl = Ha 2 HP 04 + HCl. 
HCl is known to be set free' in the carriage of COg by the blood. 
The injection of dyes and staining reactions have suggested that the 
interior of the cells may really be acid. 

In support of this view it has been found by Collip that the 
parietal cells are very rich in phosphates and poor in chlorides 
during rest, while the latter rises during activity. Further, it- has 
been shown that circumstances which tend to shift the acid-base 
equilibrium of the body towards the acid side increase the secretion 
of HCl, e.g. the administration of COg or acid sodium phosphate. • 

(^Actions of Gastric Juice. 

The action of gastric juice depends on its content of Pepsin 
and ' Hydrochloric Acid. These act together in the digestion 
of protein at an optimum of j7HA'5, i.c. about equal to H/10 HCl. 
Pepsin is an enzyme and may be differentiated from the_trypsin -- 
of 'tlie 'pancreatic juice (see below) by the fact that it acts, in acid . 
solution only! It has "now been prepared in crystalline seed-like 
form, but its exact nature remains undetermined. It is pr obably 
a protein. (See -Enzymes, p. 304.) . _ - 

■ Native proteins are digested by the pepsin-hydrochloric- com- : 
bination into peptones (see Protein' Hydrolysis), but the peptone 
resists further breakdown by this enzyme. The only proteins not . 
digested are the sclero-proteins and, protamines. 

The digestion of protein envelopes of cells facilitates the 
digestion of starch and fat by other enzymes, and, therefore, 
insufficiency of acid may be an important cause of the intestinal 
fermentation of starch (Knott and Hurst). 
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Gastric juice, because it digests and destroys bacteria, is 
^antiseptic. Manj^ bacteria are swallowed with the food, and thus 
~the^ body is protected from them. If, however, they are in excessive 
numbers they may 'escape digestion and cause putrefaction or 
disease, such as typhoid fever. 

Rennin curves milk by converting the soluble caSeinogen of 
milk into insoluble casein, which combines with calcium to form 
calcium casemate, the curd which is subsequently digested by the 
HCl and pepsin. Rennin and ^pepsin are distinct enzymes. They 
may be precipitated and destroyed by different agencies as their 
optimum reactions suggest. 

The reaction takes place at an optimum of 6'0 to 6*5, a fact 
which facilitates the clotting of milk soon after being * taken' since 
at this^H pepsin is inactive. 

Lipase, a fat-splitting enzyme, is present in small amounts. The 
protein envelopes of the fat-cells are’ first' dissolved by the pepsin- 
hydrochloric acid, and the solid fats are melted. They are then split 
in small measure into their constituents, gly;ceroI_and fatty acids. 
This action is mainly produced by a regurgitation of the contents of 
the^duodenum mixed with pancreatic juice''; but even after the 
.pylorus has been ligatured and regurgitation prevented, the gastric 
juice "itself produces a small amount of fat-splitting, and therefore 
contains lipase. 

Gastric juice inverts cane-sugar into glucose and fructose. This 
also is due to the acid of the juice and is frequently assisted by 
inverting enzymes contained in the vegetable food swallowed. The 
juice has no action on starch. 

Mucus or mucin is an important protective agent against auto- 
digestion and is increased greatly by irritants. 

It is a slimy, viscid, tenacious substance and probably plays an 
important part in the protection of the stomach. It is a glyco- 
protein which has a remarkable antiseptic^ action due to the 
mucoitin-sulphuric acid which it contains (Babkin and Komarov). 
A dried preparation is now used clinically where it is desired to 
inhibit peptic digestion {s.g. in gastric ulcer). 

The Blood-forming (Castle’s Extrinsic) Factor. — ^The presence 
of -this factor, as has been indicated in relation to the red 
blood-corpuscles, was first suspected because of the defective gastric 
secretion so common in the disease pernicious anaemia, in which 
there is a great paucity of such corpuscles in the blood. The 
administration of pig stomach is found to be beneficial in the 
treatment of the disease, and more especially that part of the 
duodenum' which contains Brunner’s glands. 

The hEematinie principle is present in normal gastric juice and 
is quite distinct from its other constituents, but^is destroyed by 
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heating, to, 70- C.' Its production does not, however, run parallel to 
the HOI or pepsin. Since normal gastric juice alone is ineffective 
in benefiting pernicious antemia hut becomes so on being incubated 
with beef, it is concluded that an intrinsi c., factor of the juice 
rea cts with an ex trinaic_principle,T)rese nt in ox muscl e, yeast, and 
o&er,articles,.of„diet .to„liberate a hcsmatinic principle which is stored 
in the liver, conferring on liver its curative properties in relation 
to the disease. 

The Neuro-poietic Factor. — There is some evidence that the 
stomach may also produce a substance which is concerned with 
the nutrition of the nervous system, for the chronic inflammation 
and atrophy of the organ, which produces pernicious anaemia, is 
sometimes associated with degeneration of the postero-lateral columns 
of the , spinal cord. 

Bile may be present when the stomach is empty and is due to 
regurgitation of the duodenal contents. 

The Limitation of Gastric Acidity. — It is seen that the 
percentage of HOI in freshly secreted gastric juice is about .0:5,, per 
.cent,, but it must be understood that this concentration of HCl is 
not normally in contact with the stomach-wall. During digestion 
much-of“the'free~HGl-is. neutralised by. the. amphoteric protein of 
the food and the ultimate percentage is only about 0;jLto..().:2 per ce nt., 
which is about the optimum pH 1'5 for the action of pepsin. 

When . the. food .has. left , the stomach the acidity is prevented 
from rising by regurgitation of the alkaline fluid from the duodenmn. 
The "evidence "for this is that bile and lipase may be found in the 
stomach, and that although at the end of an hour and a half after 
a meal there is a reduction in the concentration of free HOI in the 
stomach, the chloride content still remains high. This is well seen, 
in fig. 157. Eegurgitation has also been observed by X-rays (Bolton);- 
-Some neutralisation may also take place as a result of the sec retiqn of. 
alkali by the, cells of -the,py lorus as described by Heidenhain, whUe 
Beaumont in his original experiments on Alexis St Martin noted 
that the mucous membrane was alkaline during rest. 

According to Maclean, however, the persistence of the high 
chloride content is due to the secretion of neutral chloride by 
the stomach itself, and the fall in the free HOI is due to the action 
'”of H-ions on the stomach. In support of this theory he has shown 
that, the introduction of any acid into the stomach will cause a 
cessation of the secretion of HOI produced by dilute alcohol, but 
he does not explain. why this mechanism so readily breaks down 
and hyperchlorhydria occurs. The views of Bolton and Maclean 
are not, however, mutually exclusive. 

There is reason to believe that regurgitation from the duodenum 
is of clinical importance and that if it is reduced and the gastric 

o 
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Methods of Investigating Gastric Secretion. 

” The early physiologists arrived at the idea of the chemical action 
of the gastric juice by somewhat heroic methods. We read of 
Spallanzani (1729-99), originally Professor of Mathematics and 
Greek at Eeggio, who swallowed sponges tied to strings and 
pulled them up again to obtain samples; of Stevens in Edinburgh 
■■(1777), who persuaded a man to swallow small perforated boxes 
containing meat, which were later regurgitated; and of Lavoisier 
in Paris, who swallowed linen bags and even perforated boxes filled 
with meat and examined them after they had been voided per 
rectum. He also obtained samples of gastric juice by making 
■hiniself vomit before breakfast, and showed that it brought about 
digestion in vitro. 

Fistula. — The most celebrated investigations are those of 
Beaumont, an Ameriean Army surgeon, upon Al exis . St , Martin in 
1822, who, in virtue of a gunshot wound, had a gastric fistula, i.e. 
an ojjening between the stomaeh and the exterior. He showed 
that the taking of food caused a reddening of the gastric mucous 
membrane and a secretion of hydrochloric acid. Carlson has studied 
a similar subject (see below). 

Fractional Method of Rehfuss. — ^A rubber tube of small bore 
(Einhorn) with an expanded end and enclosing a metal bead (Ryle) is 
used. It may be left in position for several hours if desired. Samples 
may then he drawn off at intervals of 15 minutes by means of a syringe 
and the results of analysis expressed on a curve (see fig. 157, p. 418). 
TheAest “meal” consists of strained porridge (flavoured with salt) 
which is readily aspirated, or of dilute, alcohol. Some investigators, 
however, prefer to administer by subcutaneous injection histamine' 
(0’75 mg.) or 15 units of insulin. Histamine (see special section) 
is, however, liable to cause severe headache and fainting. These 
tests are now used extensively to determine the functional activity 
of -the stomach, which becomes greatly reduced in inflammatory 
states of long standing ; but it will be realised that semi-sohd meals 
result in a considerable dilution and neutralisation of the juice, and 
that when the emptying- of the stomach is rapid the concentration of 
acid in the juice rises more rapidly than normally. Swallowed 
saliva, causes both dilution and neutralisation and is to be avoided, 
it must be admitted that there are so many fallacies in the test 
and it is so difficult to obtain a state of mental quiet in a patient 
unaccustomed to the sometimes disagreeable technique, that as a 
diagnostic aih the test does not give so much information as first 
thought. The complete absence of HOI is a. valuable indication 
of inflammatof y^fiamage "to” the glands, and a high climbing acidity 
curve indicates that the subject is liable to ulcer. 
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The Method of the Pavlov Pouch. — Much of our knowledge 
has been obtained by the use of the Pavlov pouch (so called after 
its inventor). A piece of the stomach with its nerve and blood 
supply intact is completely separated off from the main stomacL 
Such a pouch reacts to various stimuli like the main stomachy 
although food does not normally enter it. (See fig. 158.) 



Fjo. 15S . — The Pavlov Pouch . — All tbe layers of tbe anterior and posterior wall.s of the stomach are 
cut along the line All. Tins is parallel to the line of the blood-vessels and avoids the vagus 
,ncn’e 3 h.v. and K.v. The mucous membrane of the anterior and posterior 'walls is cut (a) and 
‘sewn (h) to form a sac S which is separated by two layers of mucous membrane, e. The muscular 
and peritoneal coats arc then sewn as indicated and the mucous membrane of the sac sewn to the 
shin of the abdominal wall A with which it rapidly fuses, (From Pavlov.) 


Another procedure adopted was to divide the oesophagus and 
attach the two cut ends to an opening in the neck. The animals 
could thus be subjected to: (1) real feeding, (2) sham feeding, by 
allowing them to eat food which subsequently passed out through' 
the neck opening, and (3) psychical feeding, in which the animah was 
shown the food but was not allowed to eat it. 


• Vl r 7'Mechanism of Secretion of Gastric Juice. 

1. Central Nervous Mechanism . — As long ago as 1852 Bidder and 
Schmidt showed in a dog with a gastric fistula that the sight of 
food caused a secretion of gastric juice; and in 1878 Eichet observed 
that in a man with complete occlusion of the gullet the .act_.of 
mastication caused a copious flow of gastric juice. 

ShaSTfeeding with stones, butter, salt, pepper, mustard, and acid, 
though it excited a flow of saliva, produced no effect on the stomach. 
If, however, meat was used for the sham feeding, an abundant and 
active secretion (g ratification of appetite secretion) occurred in the 
stomach (that of the small stomach was actually examined) after a 
latency of about five minutes. The. secretion is thus adapted to 
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_4he Hnd_of_fp.od._the_dog_has.Jo._iigest; the_Jarger-the -proportion 
orpolein-injlie diet, the mor^ abundant is the juice, and the richer 
botMn_pepsin-ahdracid.’ — — ‘ - 

Indeed, if the animal is hungry and shown the meat and not 
allowed to swallow it, the effect is almost as great (psyjchical 
secretion), but if the animal is not hungry, secretion *^may be 
practically absent. The following striking experiment also shows 
the importance/ of the psychical element. Two dogs were taken, 
and a weighed amount of protein introduced into the main stomach 
of each without their kn 9 wledge ; one was then sham fed on meat, 
and one and a half hours later the amount of protein digested by 
this dog was five times greater than that which was digested by 
the other. The efferent pathway concerned is probably the vagu s, I 
as the following experiments suggest. * 

If the vagi are cut (below the origin of the recurrent laryngeal to 
avoid paralysis of the larynx), and sham feeding is then performed 
with naeat, no secretion is obtained ; the vagi therefore contain Jhe 
secretory fibres. The experiment of stimulating the peripheral end 
of the”"cut nerve confirmed this hypothesis. \ The nerve was cut in 
the neck four or five days before it was stimulated; in this time 
degeneration of the cardio-inhibitory fibres took place, so that 
stoppage of /the heart did not occur when the nerve was stimulated; 
under these conditions a secretion was obtained with a long latency; 
the latency is explained by the presence of secreto-inhibitory fibres) 
Atropine abolishes thi s actio n of the vagus asAt. do,es_all ,secre_tipns. 
The removal of the cerebrah cortex also abolishes this vagal secretion j. 
from the smell and si^rTfTdod, i.e. psychicai, secretion. Tt does ' 
not, however, abohsh gratification of appetite secretions which , 
depend o n th e more direc t st imulation ..of, taste. 

The juice produced when the vagus is stimulated is jicluin-both 
pepsin_.an(LHCl, and during its secretion the vessels of the stomach ^ 
wall become engorged,„with_blood. Presumably the vagus brings\| 
about a release of ^apetylcholine.at its endings, and possibly histamine 'p 
also (Babldn). 

Stimulation' of the -sympathetic causes .a , secretion of a poor 
digestive quality but_,rich in mucus. It seems probable that the ' 
erosions of the stomach whi'cH~are produced by damage ' to the 
hypothalamus of the brain are due to lack of sympathetic activity and 
of mucus. 

The Effect of Insulin.— Ga^trie^ secretion is brought about by 
the injection of insulin. The cessation“5f the secretion when glucose ^ 
is injected into the blood stream indicates that the secretion _is„due | 
to.the fall of -the -blood -glucose which insulin brings about, but the' 
effect is not direct for it is found that' reduction of the glucose in 
the blood to the brain only has a sirhilar result. The nervous 
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pathways concerned appear to he the .vag i^^for the secretion is 
rich in pepsin and is abolished if the nerves are cut. For some 
unexplained reason there is, however, sometimes an interval of 
almost an hour before the secretion appears. 

parathyroid extract also causes a secretion of gastric juice. 

2rGa.stHc ''MccMnisTns . — These factors in digestion are studied 
by putting substances into the stomach without the knowledge 
of the subject. The mere distension of the stomach with food 
causes a secretion of gasTric juice even when the organ is denervated. 

^’How far this is mechanical and the result of the gastric movements 
set up (Babkin) and how far it is chemical is not quite . settled. 

* It is probably both. Certain substances have a special stimulating . 
action on secretion. Of these the most important are meat 
extracts, but even water may cause a small secretion. -,I)extrin, a 
product of salivary digestion, however, as shown by Herzen) causes 
secretion of much juice rich in pepsin and . hydrochloric acid. 

The pro^cts ,of. proteolysis are also peptogenic, so that when once 
digestion has started, a stimulus for more secretion is provided. 

Alkalis such as sodium bicarbonate, except in large doses, cause 
a^secretion.. of .gastric .juice, but neutralise “it“ at 'first, while acids 
such as acetic bring about a cessation of acid secretion (Maclean). 

It has recently been denied that substances like meat extracts 
or alkalis produce these effects by local action (Babkin, Ivy). In 
man, of course, psychic and appetite effects are not usually 
excluded. Histamine causes a marked secretion. 

It was found by Edlans that extracts of the wall of the pyloric 
canal injected into the blood stream caused a secretion of gastric juice, 
and he suggested that the hydrochloric acid in coming in contact 
with the pyloric canal causes the absorption into the blood of .a 
substance gastrii^ which causes this gastric secretion. /Several 
workers, especially in America, in attempting to repeat these 
observations have, however, concluded that the stimulating principle 
is really histamine (Gavin, McHenry, and Wilson) but Lim' of Pekin 
has been equally satisfied that histamine-free extracts are effective. 

This latter view receives some support. Ivy and Farrell have • 
succeeded in transplanting a pocket of stomach to the mammary 
region and have found that digestion in the stomach led to a secretion 
in the pocket. Ivy and other collaborators could not, however, 
prepare active extracts free from histamine. ! 

Certain articles of diet such as fat diminish the gastric secretion { ) 
during the first hour but thereafter the acidity of the gastric juice 
may be increased, possibly owing to delayed einptying and to absence 
of ^odenal^regurgitation (Robertsj.'^“Hfrtherefore,'fat^^ given to^‘" ^ 
reduce secretion ‘ it Ts^ essential that they are followed later by 
alkali such as magnesium' oxide. According to Ivy, the fat brings 
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about the release of an inlii^ory agent^ , from the 

inte stin e which acts by wsiy^f th^hlood stream^ 

3. Intestinal Mechanisms . — It has now becofne evident that the 
pi ^sence of food in the intestine causes a secretion of gastric juice. 
It occurs after section of all nerves, but how exactly it is produced 
is not quite certain. A hormone may-be produced or -the .products 
of d igestion af ter.absorption-may ’stimulate (Lim, Ivy, McCorky). 

Carlson’s Man. — A. large amount of information regarding the 
secretion of gastric juice in man has been obtained by Carlson in 
a man with a gastric fistula like that of Alexis St Martin. He has 
shown that, apparently, the psychic secretion is not so important in 
man;fas the experiments of Pavlov suggest,.;' but that the secretion 
which takes place when there is gratification of - appetite is' specially 
important. / Apparently man, being more sophisticated than the dog, 
does not imconsciously presume he will get food until he actually 
does so.'l Carlson has shown that articles which are pleasant to the 
taste of the individual, eyoke considerably more gastric juice than 
others! We see here the importance of the cook in 'relatidh 'to dur 
digestion. Whatever the actual cause there can be no doubt that 
meat extracts, especially if pleasantly fiavoured, cause a marked 
increase in the hydrochloric acid and pepsin in normal man, a point; 
of very considerable importance in the stimulating of poor digestion 
and conversely in the ‘ prevention of excessive secretion in the 
treatment of gastric ulcer. 

The effect of emotion on gastric secretion has been clearly 
demonstrated. /It was noted in Pavlov’s laboratory that the sight 
of a cat "markedly reduced the amount of juice secreted by a dog, 
and other similar observations have been made in Carlson’s man, and 
also by Venables and Bennett, who have shown that,f'as in the case 
of the saliva, the secretion of gastric, juice may be markedly reduced j 
by mental., stress. ;fThey hypnotised an airman with a gastric tube| 
in position and found that there was an immediate reduction of 
gastric secretion when fiying difficulty was suggested to him!,' It has 
also been shown that sympathetic stimulation causes a reduction of 
gastric secretion (Flint and Moll). We shall see later that gastric 
' movements may similarly be reduced. Disgusting smeU 3 .such-as-that 
oLindole-also inhibit -secretion (Hawk). 

The Physiological Order of a Dinner. — It is of considerable 
interest that mankind has gradually evolved an order, of taking 
articles of food which is fairly physiological. The tasty hors-d’ ceuvre 
or Ls-Oup come early to stimulate secretion, in virtue of appetite 
secretion and of the effect_pf^meat extracts/ '.,.This is followed by the . 
) _ maiiuprotein course. Then comes the .carbohydrate or ^eet course,. ' 
< the starch, which by coming late, has all-the mdfe ^ance'b’f being 
'digested by the saliva. Last comes the ^ fruit, which cleanses the 
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teeth, and whose acid promotes the secretion of saliva for furthering 
the digestion of the sweet. In^addition,ns pointed out by Paylov,>we 
have cultivated the convention that it is a pleasure for individuals 
to dine together under conditions most favourable for stimulating 
the .app_etite 3 nd-promoting_a_sense . of well-being. 

Alcohol -r-The consumption of alcohol with meals is a time- 
honoured custom. It used to be . taught that _ this substance had no 
stimulating action on the gastric secretion, but/since the introduction 
of the fractional method of investigating the gastric contents lit has 
been found that dilute alcohol c auses a very appreciable secretion 
of hydrochloric acid (Maclean). .-There ' seeins little doubt, also, that 
by paralysing some of the higner mental mechanisms it promotes a 
sense of well-being and by “ drowning ” cares may be of much value 
in promoting digestion; 

The Effect of Exercise. — ^There is now some evidence that 
physical exercise may bring about a secretion of gastric juice. This 
is suggested by the fact that in anaesthetised animals there is a 
secretion of gastric juice when the limbs are tetanised (Feldberg). 
The evidence is that the substance carried in the blood isjiistamine. 
The subject is of special interest, as it is known that gastric ulcer, 
which is aggravated by the acid juice of the stomach, is greatly 

( benefited by physical rest in bed. 

On the other, hand, in animals with a ’-Pavlov pouch, and also 
in .man,, there is evidence that digestion is markedly reduced by 
j severe exercise during or immediately after a meal. 


A 




The Structure of the Stomach in Relation to its Function, 

^ The coats of the stomach are similar to those seen elsewhere 
[ in the alimentary canal. Especially in the cardiac region it has 
oblique muscle in its wall. 

The glands of the mucous membrane are of three varieties: 
(a) Cardiac, (b) Eundus and body, and (c) Pyloric. 

(а) Cardiac glands are (1) simple , tubular glands lined by short 
columnar granular cells, (2) small . tubulo-racemose glands, only 
found quite close to the cardiac orifice. They . probably secrete 
mucus. 

(б) Fundus and body glands are found throughout the remainder 
of the stomach except the pylorus. They are arranged in groups of 
four or five which are separated by a fine connective tissue. Several 
tubules open into one duct, which forms about a third of the whole 
length of the tube and opens on the surface. The ducts are lined with 
columnar epithelium. The gland-tubules are lined with coarsely 
granular polyhedral cells {central cells). The central cells are mingled 
with a variable number of cells with clearer protoplasm which Lim 
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proposes should be called mucoid cells. Between these cells and the 
basement-membrane of the tubes are large oval or spherical cells, 
opaque or granular in appearance, with oval nuclei, bulging out the 
basement-membrane; these cells are called ox ynti c_oxjpaT.ietal~.cells. 
They--domotJormL.aj5ontinupus layer. 

The central cells elaborate the, pepsi nogen- granules which may 
be dissolved out of the wall of the" stomach in alkali solution 
(Langley). Such a solution is not, however, active until made acid 
an'd -preferably pepsin added. 

During secretion they discharge their granules, those which 
remain being chiefly situated near the lumen, leaving in each cell 
a clear outer zone. The rennet-enzyme that causes the curdling 
of milk is also formed by the central cells. 

The oxyntic cells undergo merely,a.change-of-sizeduring-secretion, 
being at first somewhat enlarged, and after secretion they are 
somewhat shrunken. They are so called because they secrete the 
hydrochloric acid of the juice. 

(c) Pyloric Glands . — These are found in the pyloric canal, and 
have longer.,.duets than the fundus glands. Into each duct two 
or three tubules open by very short . and narrow necks, 
and the body of each tubule is branched and convoluted. The 
lumen-.-.is -large. The ducts are lined with columnar epithehum; 
and the tubules with shorter and finely granular cubical cells, not 
at all unlike the mucoid cells of the fundus glands. The pyloric 
glands have no parietal cells. As they approach the duodenum the 
pyloric glands become larger, more convoluted and more deeply 
situated. They__are. directly., continuous ...with, B runner’s glands in 
the duodenum. 

These glands secrete a viscid alkaline juice containin g no p^psip 
(Lim). 

„ The function of the various glands of the stomach was originally 
sh’own by Heidenhain who succeeded in making, in a dog, culs-de-sac 
of various parts of the organ. 

, Reference. — Babkin, 1928. 
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DIGESTION IN THE INTESTINES 


Digestion in the intestine is brought about by the juice which is 
poured into the gut by the neighbouring gland, the pancreas, assisted 
by the bile and the secretions elaborated by the glands in the intestinal 
wall itself. 

The Pancreas. ^ ' 


The pancreas or stomach sweet-bread lies in the loop of the 
duodenum. Generally it resembles the salivary glands in structure, 
but scattered between the ordinary glandular cells are small masses of 
epithelial cells free from ducts. These are the islets of Langerhans 
which produce insulin. The granules of the cells are of two kinds: 
(a) granules wdiich are fixed by alcohol, and (b) granules which 
are fixed by fixatives in watery solution, e.g, formaldehyde. 'The 
granules may be demonstrated by injecting neutral red into the 
animal before death (z.e. intravitam staining)., . « ( I * 

Composition and Action of Pancreatic Juice, 




/ ^ The pancreatic juice may be obtained by a fistula in animals, 
cannula being inserted into the main pancreatic duct; but as' 
with gastric juice, experiments on the pancreatic secretion are 
frequently performed with an artificial juice made by mixing a weak 
alkaline solution (1 per cent, sodium carbonate) with an extract of 
pancreas which is usually made with glycerol; 

Quantitative analysis of human pancreatic juice gives the follow- 
ing results : — 

Water 97*6 per cent 

Organic solids 1*8 „ 

Inorganic salts 0*6 ,, 

(fn the dog the amount of solids is much greater. ] 

The organic substances in pancreatic juice are — 

.. {a) Enzymes. Tliese are the most important both quantitatively 
and functionally. They are^ix in number: — 

1* a proteolytic or proteoclastic enzyme. In the fresh . 

juice, however, this is present in the form of ^trypginoge n,^ whic h Js • 
less active, but which becomes activated by the succus entermua ^ 

-l2tJ ’ ‘ • .... 
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ii. and iii. Chy_motrypsin,.and carboxypeiitidase which act like 
trypsin. (Northrop.) ! ' 

iv. Am-ylase, an amylolytic (amyloclastic)' enzyme. 

V. Lipase, a fat-splitting or lipolytic (lipoclastic) enzyme. 

vi. A’ milk-curdling enzyme. >• 
t.(&) A small amount of protein matter, coagulable by heat. 

^(4 Ikaces of leucine, tyrosine,,xanthine,-and, soaps. 

The inorganic substances in pancreatic juice are — , 

- \ Sodium, chloride, wliich is the most abundant, and smaller quan- 
"jtities of potassium chloride, and phosphates of sqdiuh 2 j_calcium,,and 
/magnesium. The alkalinity of the juice is due to phosphates and 
'bicarbonates, especially of sodium. 

-J^ir-Trypsin, — The name is derived from a G-reek word meaning 
“ to grind.” . Thus we are reminded of old views of how the digestion 
took place, , Trypsin „.acts. like ..pepsin, but with certain differences, 
which are as follows : — ^ 

(a) It acts in an alkaline, medium (optimurn pH 8’1), (cf. pepsin 
in an acid), but it decomposes rapidly if allowed to stand in solutions 
more acid than pH 6‘0. 

(h) It acts mpre-rapidly~than. pepsin ;|deutero-proteoses can be 
detected as intermediate products in the formation of peptone; the 
primary proteoses have not been detected^: 

(c) Alkali-meta-protein is formed in place of the acid-meta- 
protein of gastric digestion. 

(d) It acts more powerfully on certain proteins (such as elastin) 
which are difficult of digestion in gastric juice. It does not, however, 
digest collagen. 

(e) Acting on solid proteins such as fibrin, it eats them away 
from the surface to the interior; ■^ere-is-no-preliminary.swelling.as 
in gastric-digestion. 

(/) Trypsin_acts,further ., than, pepsin, and rapidly splits up the 
proteose and peptone which have left the stomach into simpler sub- 
stances, the polypeptidek The 'p61jpeptides,,in their turn are 
resolved into their constituent amino-acids, longer give 

the biuret reaction/- In addition to these there is a certain amount 
of ammonia. r 

Trypsi n is then„.a._ muc h more nowerful ..,..rapid,-an. d complete , . 
cataTystiT Ehan ■- pep _sinj but it acts much more readily after pepsin 
hai already acted on a protein. 

Fresh trypsin, orjratherjtiypsinogen,. obtained from the pancreatic - 
duct is much less active than trypsin. Activat ion ..is_brought-about 
JbytheJpl.e,s.tinaLjuice( S C j 

..- Both trypsin and tryspinogen have now been obtained hi crystal- 
line form. The crystals of trypsin take the form, of short rods. 
Those of trypsinogen are in small triangular prisms. (Northrop.)! 

' \ J 


U 


428 


DIGESTION IN THE INTESTINES 


[CH. XXX. 


2. Chymotrypsin is an enzyme similar in its action to trypsin 
but having a different crystalline form and differing in some of its 
chemical properties. ,It_ is^acti^'^ated . from .its zymogen only by 
trypsin. 

3. Carboxypeptidase is present in exkacts.pf pancreas and 
is probably present also in the secreted juice. Its crystals are 
larger and less uniform than those of trypsin. JCt -is - activated 
by trypsin and by the enterokinase of the intestinal juice and is 
p^tedytic. 

/ ~Anlitrypsm, etc , — It has also been shown that there exists in 
the pancreas a trypsin-inhibitor which can be crystallised in 
hexagonal many- faced crystals. 

At this point it is convenient to remark that --there is a 
trypsin-like enzyme in the white blood-corpuscles which digest 
bacteria, j 

4. Amylase (and Maltase). — Pancreatic juice is much more 
ac^ve^jthan_saliva,-and..it.. will, act -even on unboiled -starch. The 
small amount of this enzyme in the juice of infants is an indication 
that starch is not their natural diet. Some observers have foimd 
smalLquanti ties of ma ltase in pancreatic juice. 

fit has been pointed out Hy/Hurst and Knotr that vegetable 
starches are more easily digesteduf they are first ahtedjipbh by the 
hydrochloric acid of the stomach If the starch is not adequately 
digested'it may ferment”in“fEe’ihtestine and give rise to flatulence." 

5. Ldpase. — ^Pats are split by pancreatic lipase into glycerol 
and fatty acids. The fatty acids unite with the alkalies to form 
a small amount of soap. 

/ If a glycerol extract of pancreas is filtered, the filtrate has no lipoclastic action ; 
Ihe material deposited on the filter is also inactive, but on mixing it with the 
(inactive filtrate once more, a strongly lipoclastic material is obtained. In this way 
* lipase is separable into two fractions : the material on the filter is inactive lipase; 
. the material in the filtrate is Jte_co-en2yine the -latter, is not destroyed by boiling. 
\ Bile salts also, activate ' the' inactive Upase, and this .explains the fact that bUe 
favours fatrsplittingr ‘ 

Pan cr e atic j uice.also, assists in the emulsification of fatsj ^his it 
is able to do because it is alkaline, and it is capable of liberat- 
ing fatty acids, which form soaps with the alkali present; the 
soap forming a film on the outer surface of each of the fat globules 
prevents them running together. Such emulsification is, 4s we 
shall see; greatly facilitated by the action of bile which reduces 
surface tension. The proteins present make the emulsions more 
permanent. 

6. Milk'-curdling Enzyme. — The addition of pancreatic extracts 
or pancreatic juice to milk causes clotting; but this action (wliich 
differs in some particulars from the clotting caused by rennet) can 
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hardly ever be called into play, as the milk upon which the juice has 
to act has been already curdled by the rennin of the stomach. *1^-^ 


The Mechanism of Pancreatic Secretion^^ 

It was first shown by ^opielski and WeSiiiMmer^aml ie^Page 
that a flow of pancreatic juice still occurs when the nerves supplying'" 
the duodenum and pancreas have been cut through ; and later 
^ertheim^ found that the flow can be excited by injection of acid 
into the jejunum, but not when it is injected into the lower part of 
the ileum. These authors concluded that the secretion depended on 
a local reflex. 

Tins subject was reinvestigated by ^tarlmg and Baylis^ They 
showed that the secr etion cannot be rBflex,_since-it.- occurs . after 
extirpation of the coeliac~^exus,'and~destruction of all nerves passing 
to an isolated, loop oPintestine. It must therefore be due to direct 
stimulation of the pancreatic cells, by a substance or substances 
conveyed to the gland from the bowel by the blood-strearnl;.;- •, '\ 

Such a substance was discovered ^1^ Bayliss and Starling, and 
called .seccetia. / They found that if dilute hydrochloric acid (0'4 per 
cent.) is placed /in the duodenum, or if an extract of the duodenal 
wall (made with dilute HCl but subsequently neutralised and freed 
from protein) is injected into the blood-stream, pancreatic secretion 
occurs, although this is not caused by injection of acid only into the 
blood-stream. The presence of this acid in the stomach suggested 
that hydrochloric had a specific action in this way, but subsequently 
it has been shown (Mellanby; also Harper and Vass) that many 
substances (food, water, normal saline, alcohol), especially hile, when 
introduced into the duodenum were capable erf ""exciting' a flow of 
pancreatic juice and increased enzyme 'output independently of 
nerves. Further, it was recognised from chnical reference that 
pancreatic digestion was not impaired in the absence of free 
hydrochloric acid in the gastric juice. An analysis of these and.; 
many other factors/ showed that secre tin_iB_ present as such in th e 
duodenal mucous »^membrane. a iS~~Hi'at secretin is-. carried into 
the" b lobd^y bile salts , when hile is. absorbed. from _the duodenum. 
Hence the secretion of pancreatic juice is intimately, related to 
the entrance of bile . into the duodenum. ^The discharge of bile 
from the gall-bladder and liver into the duodenum is in turn 
determined by the passage of peristaltic waves from the pylorus 
down the small intestine. Each peristaltic wave is preceded by 
a wave of inhibition which releases the sphincter of the common 
bile-duct as it passes through the muscle of the duodenum; this 

. * Whether the action on milk is due to a special enzyme, or is a side action of 
trypsin, is a moot point,' similar to that raised in relation to pepsin. 

iS'" 
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relaxation determines the discharge of a few drops of bile into the 
duodenum. /j/“ Hence the sequence of events leading to pancreatic 
secretion is as follows : t he st omach^discharges its contents into the 
upper part of the duodenum ; this initiates peristaltic waves which 
pass^down 'the small intestine; when a peristaltic wave reaches the 
entfuhce;of the conm bile^duct,.the..sphinctenis relaxed and . bile 
ent ers t he duodqhhm f theHiile salts are absorbed and carry secretin into . 
the blood; the secretin stimulates the pancreas to secrete pancreatic 
juice7ahd' the bile salts are returned to, the, liver to act as cholagogues. 

Secretin has, been prepared by Mellanby andjappears to be a ,7 
polypeptide. It is intensely active, 0*03 mgr. injected intravenously / 
into a cat producing hbout 3*0 c.c. of pancreatic juice.; It is^sqluble 
in water, and dilute alkali, but is insoluble in dilute acid. It is 
probably the same substance in all ardmals and is not specific to ' 
\ any one kind of animal.) The-.amount- present in the intestinal ‘ 

' wall becomes less and less below the duodenum. (See Stile, 1931.) = 

. Although secretin is a special hormone for the pancreas it ' 
must be understood that the organ may be stimulated by non-specific 
substances, such as histamine, which . occur in extracts of almost 
1 any organ.. Secretin causes a"^ copious flow of a dilute solution of 
^ sod ium b marb'dhate~;ifroin.l.the,^1^^ It also causes the intestinal 
j muscle to Contract forcibly. 

Another hormone, pancreozymin, has been found to be 
responsible for stimulating the secretion of enzymes by the organ 
(Harper and E^jp^r'/Itds “found ^'witH secretin in alcoholic extracts 
of the intestine, but the Wcretin may be removed by dissolving it in 
bile salt solution, after which the pancreozymin may be precipitated 
by the addition of NaCL- The substance-is .thermostable but As 
destroyed by pancreatic juice. The response of the pancreas to 
pancreozymin is not affected by nerve section or the administration 
of atropine. 

•Pavlov by experiments of a similar nature to those which led 
hiin to the discovery of the secretory nerves of the gastric mucous 
j membrane, discovered the secretory_nery:es.„of..the..pancreas in the 
Jyag^s.; Later.it was shown that the formation of the enzymes of 
' the pancreas is under the control of the vagus nerves. This latter 
action, as shown by Bayliss and Starling, does not appear to be( 
paralysed by atropine. Secretion is inhibited by stimulation of the 
sympathetic 'in the cat (Harper and Vass), but in the dog Pavlov ; 

, obtained a small secretion by such stimulation.'N 

In concluding, therefore, we may say that the yagus_and. 

\ pMcreozymin are Tespqnsible for the,. production^ pf_ enzymes and 
I tIiaf'“'the^"areniArHed Tnto^^the duodenum by the flow of sodium 
I bicarbonate solution caused by_secretin, thereby ensuring the 
presence of the optimum reaction at which the enzymes will act. 
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'<c3i^aptatio7i of the Pancreas.^To a certain degree it cannot be doubted that 
the pancreas adapts its secretion to the work it has to do. Thus^jwrhereas gastric 
Juice..has.a.maximal^ow'soon after -the ingestion of food, the - pancreatic flow 
does not attain its full force until some time later, Jdiat is, when it is .^wanted. The 
view that this is due to the hormone named secretin;‘''wHicT iF not' formed until 
, .the gastric contents enter the intestine, fully explains the reason for the delay. 

But Pavlov went further than^tM^^and stated? that the proportion of the 
""^^warious enzymes of the juice was adapted to the prbportions of proteins,- carbo- 
hydrates, ^and, fats Jn.- the. food taken, Considerable doubt has been cast on these 
results ,}^ecause of the failure to confirm one of the most remarkable instances of 
C such adaptation ; this is the power of the pancreas to secrete lactase (an enzyme 
, capable of hydrolysing lactose). Normal pancreatic juice contains no lactase, but 
certain observers stated that by feeding an animal on milk, the pancreas could 
be educated.;to secrete it.*' Careful experiments (by Plimmer) have shown this is 
not really so/ and therefore much more stringent experimental conditions will have 
to be imposed before the other adaptations can be considered proven. 


The Succus Entericus, ; 

j ^ 

The, succus entericus is secreted chiefly by Lieberkuh n' s cr ypts.^.. 
It may be studied in isolated loops. Thiry’s method is to cut the 
intestiae across in two places ; the loop so cut is stHl supplied with 
blood and nerves, as its mesentery is intact; this loop is emptied, 
one end is sewn up, and the other stitched to the abdominal wound. 
The continuity of the remainder of the intestine is restored by 
fastening together the upper and lower portions of the bowel from 
which the loop has been removed. In Vella’s method both* ends .of ' 
the loop are sutured to the wound in the abdomen. (See fig. 159.) ] 

The succus _entericu^ contains an important activat or of the li 
pancreatic^ juice., known as enteroki nase ., 7 Claude Bernard, in '1 
studying the juice from the pahcreatic ducfl, entirely missed its 
tryptic action, for the fresh juice is inactive. Later it was shown 
by Pavlov that if fresh pancreatic and intestinal juices are mixed 
together, the result is a powerful proteolytic mixture, though neither 
juice by itself is so active. ) 

Some activation takes place slowly through the influence of 
calcium (Mellanby and Woolley). 

Trypsinogen, the precursor of trypsin, will digest peptones,^ 
histones, and protamines, but in association with the intestinal juice) 
will also digest the "more resistant substances such as fibrin, gelatih,^ 
and casein. (Willstatter, 1928.) It used to be considered that: | 
trypsinogen was quite inactive, but this statement refers to itsvl 
action on certain proteins only. 

It was formerly difficult to be sure that the action of trypsinogen 
was not in part due to a minute amount of trypsin,, but now they 
have been shown to be qnite distinct by crystallisation, 

■ ■ Several suggestions have b'een made as to how activation may take 

place. It may be that trypsinogen is a complex consisting of trypsin 
united with a protein moiety, and so long as the enzyme is combined 
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in this way it is only partially active ; enterokinase acts upon the 
protein moiety, and thus liberates the trypsin (J. Mellanby and 
Woolley). In any caje, it .seems , certain that the activation is due to 
the rup.^ture ofa^peptide -link (Northrop). 

Trypsinogen, however, does not depend wholly on enterokinase 
for activation. It may become spontaneously activated in groimd-up 
pancreas or be transformed into trypsin by auto-catalytic action 
at 

' ^ it is also suggested (Waldsehmidt-Leitz) that the trypsin action 
is restricted to the splitting of two arginine groups, since it needs 
neither NHo nor COOH groups. This is shown by the fact that it 
still acts if il is added to the NHg or if the COOH group is esterified. 
Some protein-splitting enzymes need these groups. Enterokinase 




Flo, l&O.— Biagram of intestinal fistula. I, Thiry's metliod ; II, Vella’s method. A, Abdominal wall; 

B, Intestine, with mesentery ; C, separated loop of intestine, with attached mesentery. 

appears to he one of these. This may explain why it has been found 
that enterokmase appears, to enter into chemical combination with 
trypsinogen in, definite proportions. It may really be a combination 
with substrate acted upon by trypsinogen. Enterokmase is therefore j’ 
not an enzyme as its name suggests, or it may be that eventually all f 
enzjTues will be shown to act similarly. 

I Succus entericus has no action on native proteins such as fibrin 
I and.',' egg-white, but it acts on proteoses and, peptone (Cohnheim). 
It rapidly breaks them up into simpler substances, of which 
ammonia, leucine, tyrosine, and the hexone bases have been iden- 
tified. Cohnheim named the enzyme to which this is due erepsin, 
Hamburger found that erepsin is also present in the hum^Tjuice ; 
it is not identical with enteroldnase, because erepsin is destroyed 
dy heating the juice to 59" C. for three hours ; enterokinase is not 
bestroyed until the temperature is raised to 67° C. A similar enzyme is 
present in most tissues ; it is most abundant in the kidney. (Yemen.) 

Cohnheim investigated the action of erepsin on a large number 
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of proteins ; it acts en ergetically on proteo ses, peptone, and prota- 
mines: on liistones^€Ecli,ncc’up'y':an' intiffeediate plaGe-between 
protamines and the other proteins, it has a . shght , action. On the 
other native ppteins it has no action, with the single exception of 
caseinogen, which is speedily broken up into simple substances ; this 
opens up the interesting physiological possibihty that the suckling 
infant is able to digest its protein, nutriment even if pepsin and 
trypsin are absent. 

The succus entericus possesses the power of converting disaccha- 
rides into monosaccharides. This power it owes to three enzymes. 
Invertase-or sucrase is the enzjone which inverts and hydrolyses 
sucrose or cane-sugar — that is, it converts sucrose into glucose 
and fructose. The chemical term "inversion” has already been 
explained. It has been extended to iuclude the similar hydrolysis 
of other disaccharides, although there may be no formation of Isevo- 
rotatory substances. The enzyme in the juice which converts 
maltose into glucose is called maltase ; and that which acts upon 
lactose is called la^ase.,. It also contains nucleinase, p hosphatase , 
and deaminase, which act as their names suggest. 

The 'Secretion of the intestinal juice is brought about by the 
presence of the intestinal _ contents which' causa mec^ahicar'; and' 
also -chemical- stimulation. The various products of~3igesti6n such 
""as^dextrins, soaps~a3id”proteoses are particularly efficient excitants 
if placed in isolated intestinal loops. Secr etin.-n,nd— histamine, if 

injected into the blood-stream, cause a marked secretion ; indeed if 
secretin is administered to a fasting animal, the mixture of pancreatic 
and intestinal juice secreted is so powerful, that having no food to 
act upon, it will produce inflammation and erosion of the intestinal 
wall. (Starling.) ' , ^ 

The presence of . pancrea-tic juice causes the intestine to secrete j 
enterpHnase. 

Y>irhe hile, as we shall find, has little or no digestive action by 
itself, but combined with pancreatic juice it assists the latter, in all 
Jts actions. This is true for the digestion of starch and of protein, 
hutmost markedly so for the digestion of fat. 

Bile has also an important action in stimulating pancreatic 
secretion and in the absorption of fats. Occlusion of the bile- 
duct ^ a gall-stone or by inflammation prevents bile entering the 
duodenum. Under these conditions the feces contain a large amount 
of undigested and digested fat which has escaped absorption. 

/ 

General Aspects of Digestion. - 

In our consideration of digestion we see that the occurrences in 
the alimentary canal are not a series of isolated phenomena. Each 
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step follows in an orderly manner as the result of the previous one. 
The product of salivary digestion, dextrin, „causes_gastric secretion ; 
both secretions are affected by mental states which alsffaffect gastric 
movements. The food leaving the stomach sets up peristaltic waves 
in the duodenum and causes the pouring out of bile which in turn 
causes . the absorption of secretin from tlie duodenal wall ; the 
secretin is taken by the blood-stream to the pancreas, where it 
excites a flow of pancreatic juice ; this juice arrives in the duodenum 
ready to act on starchy substances and on fat. The pancreatic juice, 
however, cannot act on proteins without enterokinase, which is 
supplied by the succus entericus; this activates the trypsin. The 
trypsin and alkali with the assistance of erepsin effectively complete 
the proteolysis begun by the acid and pepsin of the stomach, while 
the inverting enzymes of the succus entericus complete the digestion 
of the carbohydrates. 

The role of hormones in the process of digestion generally is 
discussed by Ivy, 1930, and the mechanism of secretion by the 
stomach by Babkin, 1933. The early work on the subject of the 
digestive glands is given by Pavlov, 1902, 
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SOME METHODS USED IN INVESTIGATING DIGESTIVE JUICES 

The following are important examples of methods commonly used: — 

To estimate Amylolytic Activity. — The most typical of 
numerous methods employed in the investigation of the rate of 
starch digestion (by saliva, pancreatic amylase, plant diastase, etc.), 
consists in the determination of the achrom ic mint, that is, the 
moment when iodine ceases to give a colouf7aIl''the" sry thro-dextrin 
having been converted into achrod-dextrin and maltose. The mixture 
of starch solution and digestive fluid in known proportions is kept in 
a water-bath at constant temperature (40° 0.). Every half minute or 
so a drop of the mixture is transferred with a glass rod to a drop of 
iodine solution on a testing slab. As long as starch is present the 
colour struck will be blue ; then as erythro-dextrin appears the colour 
will be violet, and when all starch has gone, reddish-brown. This 
gradually gets fainter .and fainter until Anally the achromic point is 
reached. The time occupied from the start is noted. If this is done 
with the same quantity of saliva from different people a relative 
measure of the activity of their saliva is obtained. If it is done with 
different quantities of saliva from the same person, it will be found 
that the time occupied in reaching the achromic point is inversely 
proportional to the amount of saliva used. 

To estimate Activity of Lipase.— -As before the digestive fluid 
containing the enzyme is mixed with the fat, and after incubation at 
the usual temperature for a given time, the amount of fatty acid 
liberated can be ascertained by titrating with a standard solution of 
alkali using phenolphthalein as indicator, the" point of neutrality with 
this indicator being signalised by the appearance of a pink colour. 

To estimate Proteolytic Activity. — Here the methods are 
numerous, and may be divided into two categories: (a) those in 
which the rate of solution of a solid protein is used as an index 
of the action of the enzyme, as in Eoaf’s and Mett’s methods, and 
(b) more complex methods in which the rate of action is ascertained 
by estimating the amount of the products (amirro-acids) liberated. 

Hoof’s Method . — This is a modification of Griitzner’s method. 
Griitzner used fibrin stained with carmine, and when the fibrin is 
digested the carmine is set free, and from the depth of colour of the 
liquid the amount of fibrin digested can be estimated colorimetrically. 
The disadvantage of this method is that it can be used only for gastric 
juice, since when alkali is present the carmine is dissolved out by 
it before digestion sets in. This was overcome by Roaf by using 
Congo-red instead of carmine. 

4S5 
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ifetfs Method , — This is now very generally employed. Pieces of 
narrow glass-tubing of known length are filled with white of egg. 
This is set into a solid by heating to 95® C. The tubes are then placed 
in the digestive fluid at 36® C., and the coagulated egg-wliite is digested.' 
After a given time the tubes are removed ; and if the digestive process 
has not gone too far, only a part of the little column of coagulated* 
protein will have disappeared ; the length of the remaining column is 
easily measured, and the length that has been digested is a measure 
.of the digestive strength of the fluid. 

The Formaldehyde Method of Sorensen. — In this method the 
basic amino-groups liberated are methylated by the addition of 
formaldehyde, with the result that the digestion mixture becomes 
more acid. The progress of the reaction, indicated by increasing 

PT 

acidity, can be followed by titrating with NaOH. The usual 

procedure is to place the digestion mixture of protein, trypsin, and 
0*4 per cent, sodium carbonate in an incubator at 37®-40® 0., 
to withdraw samples every fifteen minutes, neutralise, add formalin, 
and titrate. The results can be shown graphically. 

Colour Tests for Gastric Acids. — Hydrochloric acid is absent in 
some diseases of the stomach, notably in cancer ; many colour tests 
for this acid have been introduced from time to time, but by far the 
most characteristic and delicate is the following : — 

Topfer’s test. — A drop of dimethyl-amino-azo-benzene is spread 
in a thin film on a white plate. A drop of dilute hydrochloric acid 
(up to 1 in 10,000) strikes with this in the cold a bright red colour. 

Lactic acid is soluble in ether, and is generally detected by * 
making an ethereal extract of the stomach contents, and evaporating 
the ether. If lactic acid is present in the residue it may be identified 
by using a ferric chloride-phenol solution made as follows : — 

10 c.c. of a 4-per-cent, solution of phenol. 

20 c.c. of distilled water. 

1 drop of the liquor ferri perchloridi of the British Pharmacopoeia. 

On mixing a solution containing a mere trace (up to 1 part in 
10,000) of lactic acid with this violet solution, it is instantly turned 
yellow. Larger percentages of other acids (for instance, more than 
0*2 per cent, of hydrochloric acid) are necessary to decolorise the 
test solution, but they do not turn the solution yellow. 

Another colour test, that of Hopkins, is performed as follows : — 

5 c.c. of sulphuric acid and 3 drops of a saturated solution of copper 
sulphate are added to a few drops of lactic acid dissolved in alcohol. ’ 
The mixture is placed in boiling w^ater fox five minutes, and then 
cooled; 2 drops of 0*2 per cent, alcoholic solution of thiophene are 
then added; on replacing the tube in boiling water a cherry-red 
colour develops. 
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THE ABSQEPTION OF FOOr)\?^^' - 

r ‘ 

Food is digested in order that it may be absorbed. It is absorbed in 
order that it may be assimilated, that is, become an integral part of 
the living material of the body. The digested food thus diminishes 
in quantity as it passes along the abmentary canal,. and the fseces 
contain the undigested or indigestible residue. 

Foods such as water and soluble salts, like sodium chloride 
are absorbed unchanged. The organic foods are, however, consider- 
ably changed, colloid materials such as starch and protein being 
converted respectively into the diffusible materials glucose and 
amino-acids. 

We have seen that the structure of the alimentary canal is 
peculiarly adapted to its various functions. 

In the mouth and cesophagus the thickness of the epithelium and 
the quick passage of the food tlrrough these parts reduce absorption 
to a minimum. Absorption takes place very slightly in the stomach. 
The most recent observations show that water is not absorbed 
in the stomach, but alcohol is absorbed -Ao some extent, and 
also prussic acid. Water, indeed, may invoke a secretion of gastric 
juice. Salts also do not seem to be absorbed unless present in great 
concentrations, such as do not occur in normal diets; sugar is 
absorbed with difficulty. 

Absorption takes plac^particularly in the upper part of the small 
intestine, and by the time the intestinal contents reach its lower 
end the products of digestion have been largely absorbed. In the 
large intestine water particularly is absorbed. 

There are two channels of absorption, the blood-vessels C porta l 
tributaries) and the lymphatic vessels or lacteals . In general terms, 
the proteins and carbohydrates and some fats are absorbed by the 
blood-vessels, and the rest of the fats by the lacteals. 

This formation of water-soluble, diffusible substances is not, 
however, the only significance of the breaking down of foodstuffs. 
It is also essential that these breakdown products should be non- 
specific substances. The importance of this can be seen with proteins. 
Proteins of one species of animal are toxic if injected into the 
circulation of another species, and cause the production of specific 
antibodies. But if the same protein is taken into the intestine, it is 
split up into non-specific and non-toxic amino-acids (or polypeptides). 
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OH. iXXXIL] ABSORPTION OF CARBOHYDRATES 

For example, glucos e is more easily absorbed than lactose or xylose, 
althojLTgh, the JatferdiaS' a- smallerlnolecule: yThiS'is 'm'dire^ conflict 
with physical laws and can only be explained as a result of vital 
action on the part of the cells.) 

The low sugars are absorbed from any concentration with a 
velocity which represents the greatest possible permeability of the 
mucosal membrane for molecules of this size. For sugars which are 
not selectively absorbed, such quantities could only diffuse from 
extremely high concentrations (Verzdr). 

According to Verzar this activity process is connected with a 
phosphorylation* of sugars, which occurs after their diffusion , 
into the mucosal cells. ^Through the constant transformation of the 
diffused substances the diffusion gradient is kept high, and this 
synthesis finally acts by increasing the diffusion process, and hence 
the velocity of absorption. 

It has been found that this process of phosphorylation, and with ^ 
it the selectivity of sugar absorption, can be inhibited byjmonoiodo- ' 
acetic- acid and other substances (through influencing certain cell 
processes wliich finally lead to phosphorylation). The extirpation of 
the ad renal s also inhibits the selective absorption of glucose 
(Verzar). 

- If any disaccharide such as lactose injected into the blood, it is 
excreted by the kidney as a foreign substance.'^ 

Absorption of Protein. — ^We have seen in relation to digestion 
that' the proteins of the diet are hydrolysed to amino-acids by various 
enzymes. The steps may conveniently be summarised thus : — 


. (By the action of alkali 
' and trypsin of the pan- 
creatic juice assisted 
by enterokinase.) 

(By the alkali and 
erepsin of the succus 
entericus.) 


Protein 

■I 

Acid meta-protein. . V 
f or Alkali meta-protein. 

i I 

Proteose. 

'I' ' 

< Peptonh. J 

Polypeptide. 

^ Amino-acids. 


(By the acid and pepsin 
of the gastric juice. ) 


o 


The final stage may actually take place within the epithelial 
cells of the intestine itself. It is also interesting to observe that, 
although physiologically protein is fully digested before absorption, 
in, certain circumstances it need not all be so hydrolysed before 
it is absorbed. Even in the absence of enzymes, the animal’s own 


*jrhe_term„ilphosphor.ylation’^- -is. ^yen .tp^the formation of phosphonis- 
containing compounds. . (See Chemical Changes in Muscle^)' 



440 


THE ABSORPTION OF FOOD 


[CH. XXXIL 


serum placed in tlie.-.iiitestine is absorbed, and to a lesser extent 
foreigh^'^prdteins -may be absorbed. j^This fact is of considerable 
importance in practical medicine, syice healthy normal persons 
who are hypersensitive to certain proteins (such as those of eggs, 
lobster, or strawberries) may react violently and develop an attack 
of asthma or a severe rash if they take quite, minute quantities .‘of 
the protein to which they are hypersensitive,^ This indicates that 
some absorption may take place. before digestion is complete. How 
exactly tliis happens is unknown. - " 

The normal course of events is that the main bulk of the food 
proteins are broken up into their constituent amino-acids, and it is 
in tins form that they are absorbed. If an animal receives, instead 
of protein, the final cleavage products of pancreatic digestion, it 
continues to maintain its nitrogenous equilibrium; that is to say, 
the cells of the body are able to synthesise tissue-proteins from the 
fragments of the food proteins . ) 

^It is somewhat difficult to find the amino-acids in the blood 
during absorption, for several reasons: (1) t he ab sorption- during 
any given time is slow, and the products are diluted with the whole 
volume of the blood ; (2) the presence of coagulable proteins in the 
blood in large quantity renders a search for the amino-acids difficult ; 
and (3) - when the amino-acids get into the blood they do not 
accumulate there, but are rapidly removed by the cells of the 
tissues, especially of the liver and muscles. / In spite of these 
difficulties, Leathes, Howell, and, later, Folin and others succeeded 
in demonstrating that during absorption the non-protein (that is, the 
amino-acid) nitrogen of the blood increases and, if known araoimts 
of protein is administered it is found that the amino-nitrogen corre- 
sponds to the amount absorbed (Kuthy).^ 

There is now definite evidence that the amino-acids are absorbed 
as such into the blood-stream, since they can be dialysed out of 
the blood by passing the blood through tubes composed of semi- 
permeable collodion membrane surrounded by saline solution. The 
diffusible substances, such as sugar and amino-acids, pass through 
the membrane into the saline and can be estimated. ( This may be 
shown by the Abeis vivi-diffusion apparatus. This consists of 
several such tubes in parallel inserted between the two cut ends 
of an artery (clotting being prevented by an anti-coagulant, such 
as leech extract). By this means it has been found that the 
amino-acids such as alanine and histidine may be recognised and it 
has been demonstrated that the amino-acid content of the blood 
increases after a protein meal. It is of interest that many of the 
indhidual amino-acids are almost insoluble,^ but the yAnorease-the 
solubility of each other very markedly by the process c 
(see below).' ^ Polypeptides are, however, also absorbed 


f hydrotrophy 
fLoudonX^ 
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Absorption of Fats.— If an animal is given a fatty meal, killed, 
and sections of the intestine stained with osmic acid, it is seen 
(fig. 160) that the columnar epithelial cells become first filled with 
fatty globules of varying size, which are generally larger near the 
free border. Th^-are-then 
transferred to the amoeboid^ 

• cells"bf'the~iy mptoidrtissueT, 
beneath : these— ultimately 
penetrate int o the c entral,. 

/acicaZ,- .wliere„3hey_-.either- 
disintegrate ..,or~.„discharge 
their -cargo -into ~the-lymph„ 
stream.^..^he globules are 
by this time divided into 
very minute ones, the 
particulate basis of chyle 
and under the microscope 
these chylomicrons can be 
counted (Frazer). ’ 

The chylomicrons are 
about one-fortieth of the 
size of the globules of milk, 
and likewise cause the chyle 
to appear white, and are 
cpmpp_^d of neut raL..iat. 

They are at Bj jQQ — Section of the villus of a rat killed during fat 

two hours aftor a absorption, epf Epithelium; sir, striated border; 

c, lymph* cells ; tf, lymph-cells in the epithelium ; 
central lacteal containing disintegrating lymph 

great difficulty in (e- s- schafer.) 

fat absorption is to explain how the fat first gets into the columnar 
epithelium. , , , 

A central observation has been~the work of Munk and, later, 
of Moore and Eockwood, wh^' showed that in the intestine fat may 
be broken down into glycerol and fatty acids, in which form or 
as soaps they may be absorbed; preliminary. .'.emulsification is 
advantageous.Jfor— the-formation- of-these substances, ..but. .is. not 
essential. , 

According to Mellanby the emulsified fat can pass freely into 
the columnar cells of the villi ■syithQut-previousffiydrolysis,. for it 
has been observed that neutral fat emulsified with bile can be 
absorbed from the duodenum into the lacteals of animals in which 
both the pancreatic and bile ducts have been ligatured. / Moreover, 
Frazer and Stewart have been able to stain neutral fatsXin the fat 
depots of the body after the administration of stained neutral fats 
but not after fatty acid and glycerol, while the addition of lipase 


about 
meal, j 
The 
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to human diet reduces the amount of fat in the blood. The 
main function of the lipase is considered to be the production of 
a small amount of hydrolysis of the fat, so that a small amount 
of soap is formed. This soap still further facilitates emulsificat ion, 
but it is doubtful if soaps play much part in absorption as 
such, since (when the intestine is acid as is usual (except for a 
short length below the entrance of the pancreatic duct) they 
cannot exist. ) 

It has how been shown that even paraffin may be absorbed if 
it is adequately emulsified and put into the duodenum (Mellanby, 
Frazer), but this does not normally occur, as adequate emulsification 
does not take place. In this connection it should be noted .that soap 
is about a twelve times better emulsifying agent than, bilef 1 

According to Yerzhr the fatty- acids combine with tne paired 
bile acids to fori^ compounds, ...which are not only water-soluble 
and diffusible, but also especially stable at the slightly acid 
reaction of the intestine! 'This process is known as hydrotropy 
"(see below). This bile-fat co mplex is broken down again in the 
mucos al ce ll. The bile acids are adsorbed on to' mucosal epithelium, 
so lEaFthey are able to dissolve a much greater quantity of fatty 
acids than in vitro. 

/The . fatty acid which is now in the cell combines with the 
glycerol, which is absorbed at the same time, to resyntheBise 
neutral iat. This synthesis passes through an intermediate stage 
of phosphatide formation. The glycerol is phosphorylated and 
combines with the fatty acids. Thus the diffusion gradient into 
the cells for the fatty acids is increased. The synthesis of neutral 
fat, via the formation of phosphatide, is therefore an accelerating 
factor in the absorption of fat, just as the phosphorylation of 
glucose accelerates the absorption of this sugar. Also this synthesis 
may produce the' specific fats of the body and render ...the fatty 
acids_ jipn-toxic. 

the mucosal epithel ium the phosphat id e is transf ormed^ again, 
into neutr'al'~fat' and~'(for the most part) a ppears as su ch ^n__the 

varying amounts escape'this transformation, 
ancT^pear in the lymph as phosphatide (le cithin.), a nd so in crease 
the Jecithin content of the BlooV dunng lat absorption.. There 
seems to -be no difficulty in expfainmg how the fat leaves the 
blood-stream again, since the capillary walls have a permeability 
comparable with artificial membranes through which a great part 
of the serum-fat can diffuse out CVerzdr). 

The intermediate synthesis of the fatty acids to phospholipoids 
can be inhibited by monoiodoacetic acid and by -.phlor idzin , drugs 
which inhibit phosphorylation processes. Fat is then not absorbed, 
except for a slow chffusion of fatty acids through the intestine. \ 
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In the same way the extirpation of the adrenals inhibits neutral 
fat absorption, and the administration of 'adreMl'mortex hormone 
(eucortone) restores the normal ' rate of absorption. This would 
appear to be due to the lack of alkali which occurs from the sodium 
loss through the kidneys. The absorption of fatty acid is not 
affected (jFrazer). ' 

The different views of MMlanby and Yerzar are not mutually 
exclusive as at first sight appears. There , seems to be little doubt 
that' the exact method of absorption of fat varies in different 
animals according to their habit of diet. It may be that the cells 
of the villi can exercise some selective action. 

It seems most likely that both MU and l ipase play an important 
part^in fat absorption in man, for exeess of fat in the fmcesTs found ^ 
both in pancreatic disease and in biliary obstruction. 

It has long been known that, if fat is given to an animal, only 
60 per cent, can be recovered from the thoracic duct into which 
all the lacteals pour their chyle. The work of Frazer and Stewart 
now indicates that such fat as is digested passes into the portal, 
blood -stream and thus the remaming 40 per cent , is accounted 
for. They suggest this partition may ^eterinihe^he subsequent 
utilisation and deposition respectively of the fat. (See Frazer, 1940.) 

It has been suggested from observations on the tail of the 
tadpole that the lieucQ C.Yies.-w hich we know are ver v 3 Btixe„durihg 
digestion, are concern ed-ia-fat Jransport-since they h ave been seen 
loading and unloadin g. 

In the case of sterols there is also a selective absorption of 
cholesterol in comparison with other sterols. The process is also an 
esterification (Yerzar). 

Since alcohol is extremely soluble in lipoids as well as in water, 
there is every likelihood of its rapid absorption. Experience shows 
that a concentrated alcoholic solution is absorbed especially quickly 
from an otherwise empty stomach, and acts on the central nervous 
system in a few minutes, but food causes delay./ 

The Nature of Ahsorption(i^ ’ ^ 

The intestinal mucosa can be shown to act as a shmi-permeable 
membrane. Thus, if water is placed in 'a loop of intestine tied off 
with its blood supply intact, the water is absorbed into the blood. 
If, however, a strong salt solution is placed in the loop, water is 
withdrawn from the blood into the loop. 

Osmosis and fff^ttswJijaay^then be Jield to expl^^^^^ 
of water" an d of ..soiufions.'Of'. a-Jower.. osmotic pressure than the 
blood. It seems likely that diffusion is responsible... .for ..the 
a,bsqrption of ’solutions of higher osmotic pfessure, foj 'we know that 
even 1'5 NaCl is absorbed. In this the enormous area of the 
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intestine assists and it is 'most probable that a further hastening 
of the process may occur as a result of a pumping action of the 
villi which may suck into themselves during their relaxation. The 
exact function of this vumvino action o f th e vill i_ is ' unknown, 
but the . fact that it takes place in that part of the intestine where 
absorption is greatest, that it occurs only during digestion, and that 
the movements are influenced like those of the gut generally suggest 
that' they are intimately connected with absorption, which must 
certainly be hastened by such activity (Verzdr). 

How far filtration, other than that caused by the villi is concerned 
is difl&cult to decide, but there seems good reason to believe that 
the contractions of. the large intestine bring about a high hydrostatic 
pressure. Ho such rise in pressure has been demonstrated in the 
small intestine. 

A number of physical processes influence absorption less directly^ 
Amongst these is surfa ce activi ty and e mulsificatio n or ..hydro- 
trppy^'by which insoluble substances such^ as fats ' becpme very 
finely subdivided and diffusible as a. result of a greatly reduced 
surface tension from the action of bile salts. Electric phenomena, 
ipniO-jiistribution, acidify, and changes in the colloidal state of 
the cells*"br"the mucosa and of the food also have a considerable 
influence. 

A number of the phenomena concerned in absorption can, 
however, only be explained as being due to the vital activity of 
the cells themselves. Thus it is found that 0*4 per cent, sodium 
cliloride is more rapidly absorbed! than water, while isotonic solutions 
of sodium or magnesium aulphate are unabsorbed. There is also, 
a's'^we''"have been (p. 439), "considerable selectivity in regard to 
the different carbohydrates, while most difficult to understand is 
the fact that if some of the animars own serum is placed on the 
gut it is absorbed. Such facts can only be explained as a vital 
action of cells of the mucous membrane, upon which must also » 
depend ^ nervous and drug action. The necessity in absorption j 
for the presence of calcium as shown by Macgee, and of oxygen . 
even for the"''absorptibn^ of saline (Brodie) is also suggestive of 
the importance of vital activity. This is still further supported 
by the influence of vitamin D which_jb^ecessary_ior_^akm 
absorption. It has beenTshown that if the mucosa is removed by 
fluoride, absoijDtion ceases altogether, but since this does not always 
occur when the mucosa is otherwise removed the cessation may be 
attributed to damage to the surface of the gut. It can, however, 
be said, that there- are many points in relation to absorption in regard 
to which we have no knowledge. The great difficulty in the study 
of the problem is the maintenance of the intestinal wall under 
controlled conditions without interfering with its vitality. ‘ . . 
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• Hudrotrovy . — 4J-though ..substances maybe insoluble in water 
they. may :be rendered soluble by tlie presence of another 's'ubstance 
in solution. We have already remarked on the eEfect''"bf the 
individual „ amino-acids on their s olub ility an d— o i bile ■ salts on 
faitiT^ ids. This so-called process”oFTrydrotropy is well known 
in industrial chemical processes; for example, calcium carbonate 
. is soluble in a solution of sodium salicylate, and barium 
sulphate is soluble in sulphuric acid. Hydrotropy may also be S 
important in the absorption of calcium. It would seem that the I 
presence of one substance in solution affects the molecular structure * 
of water itself upon which solution depends. 

References. — Goldschmidt, 1921 ; Magee, 1930 ; 'Verzdr and 
Macdougall, 1936. 

The Functions of the Large Intestine. 

These are mecb anical,.absoxptiv. e and excret ory. 

■ The mechanical functions of the large intestine comprise the 
storage of faeces and their e vacu ation at due intervals. 

Tlie^large "intestine a5so?:5g„chieflv water. On the average about 
500 c.c. of fluid contenis pass the ileo-csecal valve ^er diem; from 
this the nutritious substances have been for the most part absorbed 
by the smalF intestine. From this 500 c.c. the large intestine 
absorbs about 400 c.c. of water, leaving 100 c.c. in faeces; these 
figures are susceptible of considerable variation, notably in the 
pathological states of which diarrhma is a symptom, but it is to 
be noted that the normal slow passage of the contents thropgh' 
the colon permits of considerable inspissation. If for any reason ' 
stagnation occurs, e.g. if the call to defaecation is neglected, the 
faeces become dry and hard. This is a common cause of chronic,, 
constipation. In addition to water the large intestine can absorb 
salts, g luco s e and perh aps _aminoracids. Thus saline fluid is slowly 
absorbed, and rectal administration of saline iS' a valuable rueans 
of treatment of post-operative shock in which condition there is 
a reduction of circulating blood volume. Since, however, the 
mucous membrane of the large intestine produces no digestive 
enzymes, proteins introduced into the rectum are not absorbed, 
since they are not digested. “FTutrient” enemata, therefore, 
are of little value to the patient who cannot take food by the 
normal channel; they serve merely to nourish the bacteria which 
abound in the colon. Even the absorption of glucose. , is ..so slow! 
that it does not raise the~bl'00’d'sugarr' ’ 

Various drugs are absorbed when in j ected into t he rectum in 
. dibil^ snlniT on ; a state of general anaesthesia can be induced in this 
way. This is the usual way in which the basal anaesthetic avertin 
tribromethyl alcohol) is administered. 
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The the large intestine cover a considerable 

range of substances, some physiological, the majority pharmacologicah 
Normallyiron^ as .sulphide, an d calcium and magnesium as phosphates^ 
loa^^ the body by this route. The ratio of the amount of calcium 
affd ma^esium' excreted by the bowel to that removed by the 
kidney depends on the quantity of acid radicals excreted by the 
latter. If acids are administered, more calcium and magnesium 
leave by the urine as ,soluble salts, whereas if there are fewer 
acid radicals in the food the amount of calcium and magnesium 
passing out as insoluble phosphates in the fmces is increased. 

In brief, the large mtestine may be regarded as the principal 
cjia^el for the. excretion of insoluble substances which could not 
e^iJX.be ..passed out by the kidneys. 

In many lierbivora, viz. those in which the stomach is not 
complex, e.g, the rabbit, bacterial activity occurring in the caecum is. 
important in dissolving the cellulose of the walls of the vegetable 
cells which constitute them diet. Some of the products of the 
decomposition of cellulose and the liberated cell contents are then 
available for absorption. On the other hand, it has been possible 
to rear suitable animals on quite sterile food' (after separation from 
the mother by Cmsarean section), and the feces of animals living 
in the Arctic regions is said to be free from bacteria. 

Normally the upper part of the intestine is sterilised by the 
action of the acid of the stomach. It is only when this acid is 
deficient, or the bacteria very excessive in the. food or water, that 
the small intestine becomes infected. The ^act that fluids leave 
the stomach rapidly accounts for the fact that milk and water are 
such admirable carriers of intestinal infection such as typhoid fever. 

To what extent the bacterial content of the large intestine is 
of economic value in man is difficult to determine. Some 
clinicians hold that an excess of bacteria in the feces is definitely 
harmful, and certainly we have good reason to believe that this is 
so, especially if they occur in the small intestine where absorption of 
their products may occur. At the same time the body is definitely 
protected from the invasion of bacteria from the large intestine. 
Barclay-Smith has emphasised the importance of the Peye r!a^patchea> 
in the Iqwer^end of .the ileum, in protecting against bacterial spread 
upwards from the large intestine. The solitary follicles, also com- 
posed of lymphoid tissue, appear to play a similar important part in 
the large intestine, as is seen by the fact that they take up patho- 
logical bacteria in disease, e.g. dysentery. ' 

The Chemistry of Bacterial Action. 

■vTf an artificial pancreatic digest is kept at ordinary room 
emperature the fluid very soon becomes putrid, xmless special 
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precautions to "exclude or kill bacteria are taken. • It is often 
difficult to say where pancreatic action ends and bacterial action 
begins, as many of the bacteria that grow in the intestinal contents 
produce enzymes winch act in the same way as the pancreatic 
juice. Some form sugar from starch, others peptones and amino- 
acids from proteins, while others, again, break up fats. There are, 
however, certain actions that are entirely due to these putrefactive 
organisms./^! . 

i. On carbohydrates. The most frequent fermentation set up 
is the lactic ..acid . fermentation ; tWs may go further and result in ' 
the formation of Carbonic ^aeidj hydfbgen, and butyric acid. Cellulose 
is_broken„,.up,.,into,.carbonic,.acid , ,and methane. " This is one of the 
cffi^ cau^s_^pf the gases^ ..the. intestine, the amount-of— whioh~is 
increased.by.coarse,.vegetable Jood. The vegetable food probably acts 
by reducing the acidity of the saliva and, because it is liable to 
be insufficiently broken, down, the starch in it escapes digestion. 

;Tt has been shown by(^inqttHhat the HCl of the stomach normally 
'•assists this breakdown lihd that its absence is liable to increase 
fermentation. |?Sometimes the volume of carbohydrate taken, e.g. 
potatoes,' is in excess of what can be digested by the various 
diastases. Flatulence in man is commonly caused by such fermenta- 
tion, but more commonly by air-swallowing with fluids. 

ii. On fats. In addition to acting - like lipase, bacteria produce 
lower acids (va_leric,,.butyric,.etc.). The formation of acid products 
from fats and carbohydrates gives to the intestinal contents an 
acid reaction. Research shows that the contents of the ^ptestine 
become acid much higher up than was formerly supposed.! These 
organic acids do not, how ever , hinde r pancre atic digestion.-#.. 

'diirOn proteins. Penton es.Jam ino-acid s. and. ammQnia--ara-Dro- 
ducei L but the enzymes 'of these putrefactive organisms have' a 
specially powerful action in liberating substances haying a n ev il 
odour, such as skatg le (GgHghT). Skatole originates from the indole 
radical of tryptophan, one of the aminp-acids of protein. 

iv. Oh~aniincf=aci3s. The most frequent change consists in the 
splitting off of carbonic acid from their COOH group, and the .pxo=_ 
.duction, of-.amines/^ shown in the following examples \r— 

(CHglg . CH . CHg . CH . NHj . COO H = (CHglgCH . CH^.CH ^ . NHg -f- COg 




[Leucine.] ^ 


[Iso-amylamine.] 


OH.CeH..CH„.CH.NH„.COOH = OH.C6H,.CH2.CH2.NH2J-CO 


[Tyrosine.]^ 


[Hydroxyphenyl-etbylamine.llj 


Such basic products if absorbed and not excreted by the kidney 
may produce harmful effects. Both the above produce a high blood- 
pressure. Their amount may be lessened by diminishing the^ protein , 
intake in the food.. Another amine called histamine -is -similarly 
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of COo from tlie aminozacid. histidine. Tins 
causes a (j.uy (I)ale and Eichards) which is 
associated with compen satory, artyial j^onstriction (McDowall). 
Whether fcliis constriction is in some wayTespdhsible for the high 
blood-pressure which is associated with excessive meat eating is a 
matter, of debate, but it may readily be that the compensatory 
constriction leads to hypertrophy and eventually to permanently 
increased peripheral resistance. 

/Ammonia-producing organisms flourish best in the lower regions 
of the small intestine; the ammonia neutralises the organic acids 
produced higher up. In the large intestine the contents may have 
an alkaline re action. 

Sour milk has in past years been extolled not only as a useful 
food, but as a cure for many dyspeptic disorders. Although its 
efficacy in this direction has been much exaggerated, its usefulness 
in certain cases is explicable on .the ground that the lactic acid 
bacillus, which is a harmless one in itself, possesses the power, 
when it is actively^ growing, of destroying other micro-organisms 
of a harmful kind.,/ , 

The faeces on "'an ordinary mixed diet contain comparatively 
little food residues, and a small quantity is excreted even during 
starvation. Voit and Hermann showed independently that an 
intestinal loop which had been emptied and separated from the 
rest of the bowel contained, a few days later, material identical with 
faeces, and consisting of intestinal j nice , desq uamated_epithelial 
ce^_amdJtiaijtj^a. The increaseTn the amount of faeces which 
occurs when food is taken, even when the food is free from cellulose, 
is due to the mechanical and chemical stimulation which leads to 
an increase in the succus entericus, and in the shedding of epithelial 
cells. Addition of protein to the diet makes practically no difference 
to the nitrogen in the faeces under normal conditions. 

The addition of cellulose to the diet increases the bulk of the 
faeces, partly because much of, the cellulose is excreted unchanged, 
partly because it stimulates the mucous membrane to secrete more 
succus entericus, and finally because the larger food residue favours 
the development of bacteria. On average, from one-fifth to 
one-third (varying^with the,, diet). of the weight of dried faeces consists 
- of T)ac tefiar" Strasburger estimated that about 128,000,000,000,000 
bacteria are evacuated in the faeces of a man every day. The.wast 
majority of these are dead.. 

When cellulose is absent from the diet, the faeces contain from 
65 to 75 per cent, of water. 

The ash contains mainly calcium^ phosphate, with small amounts of ton and 
magnesium. The ethereal extract contains cholesterol, lecithin, fatty acids, soaps, 
and a very small amount of neutral fat J2ie_£res^ic^_oLjw^ss-J)fmeutral_jat 



CH. xxxil] the ohemistey of bacterial action 449 

i ndicates deficient pancreatic se cretion, wKile excess split fat, i.e. fatty acids and 
s oaps, is found in j aund ice^The proteins are chiefly inuclh'and' hucleo-pfotem, 
•and the food but from the intestinai-^wall, or are contained 

in the bacteria; no doubt a large part of the ethereal extract is also supplied 
by t^e bacteria. 

Y Cellulose is thus the only important constituent of the food 
which is unaffected by the digestive juices, although a variable 
amount, which is largest in herbivorous animals, undergoes bacterial 
decomposition. The presence' of cellulose also interferes with the 
absorption of proteins, for the digestive juices have difficulty in 
penetrating the cellulose membranes of vegetable cells. Thus Voit 
found that 42 per cent, of the nitrogen in the food was lost in the 
faeces of a vegetarian. This is due solely to the cellulose and not 
to any difference in the digestibility of animal and vegetable 
proteins, for if vegetable food is finely subdivided, and then 
thoroughly cooked and softened, this loss is lessened, and if 
vegetable protein is entirely freed from cellulose, it is as thoroughly 
absorbed as animal protein. ' 15 per cent, of the dry substance of 
green vegetables and brown bread, 20 per cent, of carrots and turnips, 
and a still larger proportion of beans are lost in the fsacal residue^ 

The, in testinal c ontents travel more rap idly when _vegetahles 
are . presen trfo?~€he indigestible cellulose stimula;tes_, peristalsis, and, 
fEireforela-large quantity of water, escapes absorption in the colon. 
Thus- on an ordinary mixed diet 35 grams of dry substance and 
100 grams of water are daily excreted in the fseces, whereas on a 
vegetable diet the quantities are 75 and 260 grams respectively. 

The fat in the faeces is of some considerable importance as 
an excess — provided, of course, that the consumption of fat has not 
been excessive — indicates a faulty digestion or absorption of fats. 
This may result from lacjc of bile, or pa^ncreatic juice. It must be 
understood that a certain small amount is normal even on a fat-free 
diet or during starvation. When fat absorption is deficient there 
may be an excess of “split fat,” i.e. fatty acids in the fteces. 
Otherwise dhe fat of the faeces is chiefly. neutral and is accompanied 
by sterols and phospholipides. 

The colour of the faeces is important clinically. They tend 
to be pale on, a diet, coptaining no red ruea^ and., when, there is 
excessive,' fat A , dark colour, is ,produced.i,by-Bieat..and._by .an 
excessive amount of bile such as occurs after magnesium , sulphate. 
^jphides;are: alsO'dark.- Black stools due to iron occur in hiemor- 
rhiage especially. from-the-upper part-of the -alimentary canal. Blood 
from the rectum or commonly from bleeding piles or a fissure at 
the anus is, however, bright red. • ' 

The reaction of the faeces varies from y>H 7 at the surface to as 
lo-w as 4‘8 at the centre of the mass. 


P 



CHAPTER XXXIII 


THE MECHA^HCAL PROCESSES OF DIGESTION 

Under this head we shall study the neuro-muscular mechanism of the 
alimentary canal, which has for its object the onward movement of 
the food, and its thorough admixture with the digestive juices. We 
shall therefore have to consider mastication, deglutition, the move- 
ments of the stomach and intestines, defsecation, and vomiting. 

* The Teeth. 

During the course of his life, man, in common with most other 
mammals, is provided with two sets of teeth ; the first set, called the 
temporary or rfiilk-teeth, makes its appearance in infancy, and is 
in the Aourse of a few years shed and replaced by the second or 
permanent. 

The deciduous or milk-teeth are^^teh in number in each jaw, 
namely/bn either side’ from the middle line two ‘incisors^ ouq canine, 
and two decidupus^moZars, and are replaced by ten permanent teeth. 
The number of permanent teeth in each jaw is, however, increased to 
sixteen by the development of three molars on each side of the jaw, 
wliich are called the permanent or true molars. 


Structure of a Tooth. 

A tooth is generally described as possessing a crown, neeJe, and root 

The cro20n is the portion which projects beyond the level of the 
gum. The neck is that constricted portion just below the crown 
which is embraced by thejfree edges of the gum ; and the root includes 
all below this. 

A tooth is found to be composed of a -hard material, d^iine or 
ivory, which is moulded around a central pulp cavity (fig. 161 ). 

The tooth-pulp is composed of loose connective tissue, blood-vessels, 
nerves, and large numbers of cells of varying shapes ; on the surface 
in close connection with the dentine is a specialised layer of cells 
called odontohlasts, which are elongated columnar cells each vdth 
a large nucleus at the tapering end farthest from the dentine. 
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The dentine resembles bone in chemical composition, but h^only-lO-per-cent.^ 
o£_water. It contains a vast number of minute tubes -vvEich connect with the'^ 
pulp and which contain the exquisitely sensitive nerve fibrils from a layer of stellate ' 
nerve-cells beneath the odontoblasts (Mummery). 

The blood-vessels and nerves enter the pulp through a small 
opening at the apical extremity of each root. The nerves terminate ' 
by hrancliing into fine fibrillee which enter the tubes of the 
dentine. 

A layer of very hard calcareous matter, the enamel, caps that 
part of the dentine which projects beyond the level of the gum. 



Sheathing the portion of dentine which is beneath the level of the 
gum is a layer of true bone, called the cement or crusta vetrosa. 

Bnamel is the hardest tissue in the body, and contains a minimum amount of 
organic material and less than . 3 per cent, of water. Itjs_made up'of minute 
prisms of the same salts as those of bone, which are set on end.and which fit on to 
the surface of the dentine. Some of the larger spaces between the prisms com- 
municate with the dental tubules and it has been suggested that fluids may pass 
between the prisms. 

Mastication. 

The act of masticMion is performed by the biting and grinding 
movement of the lower range of teeth against the upper. The simul- 
taneous movements of the tongue and cheeks assist partly by crushing 
the softer portions of the food against the hard palate and gums, and 
thus supplement the action of the teeth,, and partly by returning the 
morsels of food to the teeth again and again, as. they are squeezed 
out from between them, until they have been sufficiently chewed. 

The act of mastication is much assisted by the .saliva. 

Mastication is much more thoroughly performed by some animals 
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than by others. Thus, dogs hardly chew their food at all, but the 
ossophagus is protected from abrasion by a thick coating of .very 
viscid saliva which lubricates the pieces of rough food. 

In vegetable feeders, on the other hand, insahvation is a much 
more important process. This is especially so in the ruminants ; in 
these, animals, the grass, etc., taken, is hurriedly swallowed, and passes 
into the first compartment of £heir four-chambered stomach. Later 
on, it is returned to the mouth in small instalments for thorough 
mastication and insahvation; this is the act of rumination, or 
“chewing the cud”; the food is then once more swallowed, and 
passes on to the digestive regions of the stomach. 

In man, mastication is also an important process, and in people 
who have lost their teeth severe dyspepsia is sometimes produced, 
which can be cured by the use of artificial teeth. 

Deglutition. r v-u.i .v | 

When properly masticated, the food is transmitted in successive 
portions to the stomach by the act of deglutition or swallowmg. 
This, for the purpose of description, may be divided into' three acts. 

In the first, particles of food collected as a bolus are made to ghde 
hotvveen. the surface of the tongue and the palatine arch, till they ^ 
have passed f the anterior . arch of the fauces; in the second, the 
bolus is carried through the pharynx; and in the third , it_ reacbes 
the_8tomach through^the'cesopha^s. These three acts foUow each 
other rapidly. (1) The first act is voluntary, although it’ is usually 
performed unconsciously ; the morsel of food when sufficiently ^ 
masticated is pressed between the tongue and palate, by the agency ^ 
of the muscles of the former, in such a manner as to force it 
back to the entrance of the pharynx. (2) The second act is the most 
complicated, because the food must go past the posterior orifice of 
the nose and the upper opening of the larynx without entering them. 
Wlxen it has been brought, by the first act, between the anterior"^ 
arches of the palate, it is moved onwards by the movement of the 
tongue backwards, and by the ‘ mus cles of the anterior arches 
contracting on it and then behind It. The rb’dt of the tongue being 
retracted.'Ihe lary nxls ra ised with the pharynx and carried forwards 
under the base of the tongue ; the closure of the glottis is secured by 
the contraction of its own muscles; so that there is little danger of 
food passing into the larynx so long as its muscles can act freely. 
At the same time, the raising^f^the soft palate, so that its posterior 
edge touches the back wall of the’^aryhx, and the a ppro ximation 
of the. sides of the posterior palatine arch, which move quickly 
inwards like side curtains, close the passage into the upper part 
of the pharynx and the posterior nares, and form an inclined plane, 
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along the under surface of which the food descends';<7then the 
pharynx, raised up to receive it, in its turn contracts, and by the 
successive-action ,, of _ its three , ..constrictors, .LtHe"^ food . is forced 
onwards into the cesopEagus. These reactions tak^ place reflexly 
fromj^e stimulation by the ,food in the pharynx/y this is shown 
by the facf'that the reflex may be abolished "by spraying the back 
of the throat with a local amestheticj (3).. In the third act, in 

which the food passes through the (Bsf)phagus, every part of that 
tube, as it receives the morsel and is dilated by it, is stimulated 
to contract; hence an undulatory or peristaltiG^.c6ntracUon of the 
oesophagus occurs. _ If we suppose the bolus to be at one particular! 
place in the tube, it acts stimulatingly on the circular muscle- 1 
fibres behind it, and inhibitingly on those in front; the contraction f 
therefore squeezes it into the dilated portion of the tube in front, ^ 
where the same process is repeated, and thus travels along the whole 
length of the tube. j?he sec on d and th^ parts of jthe_ac.t— of 
de glutition are in voluntary. "FThe action ' of “tliese~pm’ts is more 
rapid than peristalsis usually 'is. This is due to the large amount 
of striated muscular tissue present. It serves the useful purpose 
of getting the bolus as quickly as possible past the opening of the 
respiratory tract.*} ’ 

The swallov^g' of ~botir^lids ~and-liquid8-is.a.muscul ar act , and 
. can, therefore, take place in opposition to the force of gravity. 
|*Thus, horses and many other animals 'habituallyi drink against 
^gravity, and the same feat can be performed, by manl*^’ 

In swallowing liquids in the ordinary way, ' however, the 
mechanism is a different one ; the two mylo-hyoid muscles 
form a diaphragm below the anterior -part of the mouth. The 
s tylo-glossi . .draw the tongue backwards and elevate its base; the 
two hy.Ojiiglossi act with these, pulling the tongue backwards 
and downwards. The action of these muscles resembles that 
of a force-pump projecting the mass of fiuid vdown into the 
oesophagus ; it reaches the cardiac orifice with great speed, and the 
pharyjigeal and-oesophagea l muscle s do not contraction. .it -at all, 
but are inhibited during the passage of the fluid through them. 
(Kronecker.) 

.This is proyed in a striking way in cases of poisoning- -by 
corrosive substances, such as oil of vitriol; the mouth and tongue 
ar^ scarred and burnt, but the pharynx and oesophagus escape 
serious injury, so rapidly does the fluid pass along them ; the cardiac 
orifice of the stomach is the next place to show |the effects of the 
corrosive. Kronecl^er’s view has also been confirmed in man by 
the X-ray method^j . , 

* The fluid is, however, liable to pass into the nose unless swallowing movements 
are continued after the mouth is empty. 
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Nervous Mechanism . — ^The nerves engaged in the reflex act of 
deglutition are: — 

Sensory: branches .. of t he.-trigeminal nerve supplying the soft 
palate and tongue; g los so-pharyngeal, supplying the tongue and' 
pharynx ; the superior laryngeal branch of the vagus, supplying the 
epiglottis. and the glottis. The motor fibres concerned are: branches 
of, the trigeminai, supplying part of the digastric and.mylo-hyoid 
muscles, and. the muscles of mastication; the bulbar part of the 
accessory ...through the pharyngeal plexus, supplying the levator 
palati, mrobabiy by rootlets which are glosso-pharyngeal in' origin; 
the glosso-pharyngeal and vagus, and possibly the bulbar part M 
the accessory, supplying the muscles of the pharynx through the 
pharyngeal plexus; the vagus, in virtue of its accessory roots, 
supplying the muscles of the larynx through the inferior laryngeal 
branch; and the hypo-glossal, the muscles of the tongue. The 
nerve-centres by which the muscles are harmonised in their action 
are situated in the medulla- oblongata. 

Stimulation of the vagi gives rise to peristalsis, of -the cesophagus. 
The cell-stations of these fibres are in the ganglion trunci vagi. 
Division of both vagus nerves- produces paralysis of the oesophagus 
and, stomach. ' - 

^n discussing peristalsis on a previous occasion, we have 
already stated that it is a rhythmic movement of smooth muscle 
rather than of nerve ; though normally it is controlled and influenced 
hy nervous agency. This nervous control is especially marked in the 
oesophagus, for if .that tube is divided across, leaving the nerve 
branches intact, a wave of contraction will travel from one end to the 
other across the cut.; 

Peristalsis.-^This is the movement by which the contents of many 
tubes throughout the body are moved on. It consists essentially of , 
a "progressive” wave of contraction which is preceded by a wave of | 
relaxation. This may readily be observed if the, abdomen of an 
ahsesthetised animal is opened under warm saline./^ The movements 
continue if a piece, of the gut is kept in a bath of oxygenated warm 
Einger’s. solution. They are set going if a suitable object is placed 
in the lumen of the gut to stretch its wall. The normal stimulus 
to -such movements, therefore, we may consider to be .the material 
within the intestine. In the lower end of the gut the imdigested 
cellulose of the food must become the chief stimulus; hence the 
importance of eating fruit and vegetables which add to the 
undigestible bulk of the food. "WeJhave already noted that the 
best stimulus . to smooth .muscle is. stretching. As Starling showed, 
however, a mere pinch of the intestine will cause a typical peristaltic 
wave to pass downwards. The initial wave of relaxation may be 
shown by placing in the lumen a small balloon attached ..to a -- 
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motoieots ot Tnr. otommii 

tambour. NormaUy tbo poristaUio uavoo art, 
those we have referred to in- the oesophagus Tl ^ 

. - considered to he effected through Auerbach’s 
lies between the two muscle coats. Yanasi found tlni '’■'^‘''-‘b 

muscle of the embryo guinea-pig will contract when 
lated but will not do so spontaneously until the plexus of a 
has been developed.\ i - i Auerbach 

Peristalsis may be influenced chemically. Drugs given fn 
relief of diarrhoea or constipation act in various ways ; some alT^ t tl 
/,r:r- amount of secretion, and thus increase or decrease the fluidity'^of tl 
intestinal contents ; others act on the musculan tissue or its^ner 
and so influence the amount of peristalsis. Organic, acids, includin^ 
the amino-acids, produced during digestion, will increase peristalsis 
The_biLe.has-a. similar action, but .only on. the large intestine ; various 
oils act in the same way; certain gases also/but here again the 
mechanical effect of distension is a factor to\be reckoned with! I 
A vegetable diet stiniulates peristalsis, partly for. mechanical' 
reasons — the presence of indigestible cellulose and formation 
of gas — ^partly for a chemical reason, namely, the^production of 

organic^cids. 

( The rhythmical power of the intestine is best developed in the 
upper part where the contractions are much more rapid than in 
the lower. In the lower parts, however, the contractions are greater. 
According to Alvarez these differences depend on differences in the 
metabolism of the muscle of the different parW/' 

Movements of the Stomach. 


The gastric flu id isjassisted in accompHshing its share indigestion 
by theliaovements of the stonaacHT ‘The movement's of “the stomach 
ha'^' be^““studied by three 'main methods. We may study„„the— ■ 
h ' behaviour of isolated strips or we may pass down the oesophagus 
:=K' balloons,b.onnected to ta,mbours wHch register changes in pressure. 

'ly By far the most important results have, however, resulted by the 
X^ray method introduced by Cannon. The individual or animal 
swallows food mixed with bisrnuth subnitrate or an insoluble barium 
•— ■ salt which renders the gastric contents' opaque to the fays. 

it is now recognised that the shape of the stomach may vary 
appreciably in different individuals, and so also may the movements. 
There are two extremes ; (1) The J-shaned stomach which hangs 
down, so that when the subject is standing the lower, .curvature 
hangs down below the interiliac line, and (2) the so-called steer-horn 
stomach which is more horizontal and hangs higher in the'abdomen. 

' The.J-shaped stomach is the more common. 

in practice it has not been easy to study the movements of the 
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stomach as X-rays can only be applied for very short periods because 
of the danger of burning the’ skin. 

The method was originally applied to man by Hurst of Guy’s 
Hospital, who observed that the fundus, and .body_of the stomach are 
relatively inactive and adapt themselves to the size of the contents; 
they display what may be described as postural tone. Small 
peristaltic waves are seen to commence high up in the body, and when 
they reach the incisura angularis they become more marked till in 
the pyloric region they are so active that the term pyloric Tm'n has 
been applied* to this region (the -pyloric antrum). The waves are 
commonly at intervals of 20 seconds and are often in groups. By 
putting bismuth pellets into the stomach it has been observed that 



Fia. 1C2. — (a) View of the empty stomach in vertical position; (b) stomach as seen soon after a 
bismuth meal; note the constriction due to peristaltic waves at the pyloric end; (c) view of flllod 
stomach in vertical position. (After Hurst.) 


the waves as it were waft the food to the pylorus, i.e., the food does 
not travel so fast as the waves. 

It has been demonstrated experimentally hy recording the 
movements of isolated strips of stomach wall in Einger’s solution 
that the jproperty of rhythmic movement of the n vloric canal i s 
^ P^QP^ rty of ^thells^^macE jvall itself and^ not due to any 
gratraL connection, and that similarly the property of tone is ' test 
developed in the fundus. Eatty hypertonic meals delays emptying 
(McSwiney and Spurrell). 

The emptying of the stomach is of increasing interest as pain 
in the region of the pylorus is an increasingly common complaint 
of civilised communities, and some think that failure of the pylorus 
to open, especially when the stomach is empty, to allow of the 
regurgitation of the neutralising juice of the .duodenum, is an 
important factor in the production of gastric ulcer. 

The pylorus opens when the antral peristaltic waves reach it, 
hut it may remain closed if the fo6cl"isTi'6t suitable, acid fop cL 
reaches t he duodenum ,/ if the sympathetic is very" active) or the 
L pyldrus'lmduly irritable:\ Waves in the duodenum corresponding 
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to those in the antrum take on the food. I The suggestion of | 
Cannon, that the pylorus opens when the stomach contents are acid 1 
and the duodenal contents alkaline, no longer appears to refer to the ‘I 
normal exit of food from the stomach, but to the reversed peristalsis 
which occurs when the stomach is empty. It is abundantly proven 
that the gastric contents, e.g. a glass of milk, may leave the stomach 
normally even when alkaline. . ' 

It should be noted that slow emptying of the stomach is probably 
advantageous so far as protein is concerned, as it facilitates digestion. 

A dog which gulps its meat digests it better than when it is given 
in a minced state. • 

The Effects of Exercise and Mental Stress. — It is on historical 
record that Trederick II, who ruled the Holy Eoman Empire in the • 
thirteenth century, caused two men to be given a good meal. One was 
allowed to rest and the other made- to perform strenuous exercise. 
Subsequently he had them both disembowelled in his, presence when 
it was found that in the man who had worked, the food had remained 
undigested in the stomach. 

Other physiologists later observed that if dogs were hunted 
immediately after being fed the food did not leave the stomach. 

Failure of the pylorus to open normally (called by Hurst 
achalasia) has been described as resulting from menta l or physical 
"stress, and in such circumstances the individual may experience 
pain (indigestion) as a result of the pyloric canal attempting to 
force food through the closed sphincter. The. desirability of not 
taking a large meal before a strenuous game is then clear. It has 
also been shown that apparently trifling exercise or stress may 
delay gastric emptying, and that much benefit accrues from relaxation 
in pleasant company. These points are of great importance in. 
the treatment of indigestion. What has been said in relation to 
the conditions which facilitate gastric secretion applies, therefore, to 
gastric movement also (Pembrey). 

Physical movements, on the other hand, have -been-described- as I, 
hastening the emptying. " . ’ 

The innervation of the stomach is discussed by McSwiney (1931).. 
At the upper end of the stomach is usually seen an air-pocket, 
which may become increased in size and press on the heart. 

The tone of the stomach waU is also subject to considerable 
change. An instance is recorded that a student was informed that 
he had got into serious academic difficulty at a time when he 
chanced to be having, an X-ray screen examination of his stomach 
made. At once his stomach was seen to sag until its lower border 
reached the„pelvis. This emphasises the importance of making 
several X-ray examinations before a diagnosis of visceroptosis 
(dropped viscera) is made. 

' . . ; ... \ • . 1 -! 
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Vomiting^ 

The act of vomiting is preceded by a^eeling,. of nausea, and the 
swallowing of a large quantity, of saliva; The expulsion of the con- 
tents of the stomach, hke that of mucus or other matter from the 
lungs in coicgMng, is pxe.Qeded,.by a n in spiration ; th^,_glottis„is then 
closed, and immediately afterwards 'the"abd omina l muscles strongly 
act; but here occurs the difference in the two actions. Instead 
of the vocal cords yielding to the action of the abdominal muscles, 
they , remain tightly closed. Thus the diaphragm, being unable to 
go up, forms an unyielding surface against which the stomach can 
be pressed. At the same time the cardiac sphincter being relaxed, 
and the orifice which it naturally guards being dilated, while the 
pylorus-is closed, and the stomach itself also contracting, the action 
of the abdominal muscles expels the contents of the organ through 
the oesophagus, pharynx, and mouth. 

/it has been frequently stated that the stomach itself is quite 
p^'ssive during vomiting, and that the expulsion of its contents is 
effected solely by the pressure exerted upon it when the capacity of 
the abdomen is diminished by the contraction of the diaphragm, and 
subsequently of the abdominal muscles. The experiments and 
observations, however, which are supposed to confirm this state- 
ment, oiily show that the contraction of the abdominah muscles alone 
is sufficient to expel matters from an unresisting bag through 
the oesophagus ; and that, under certain conditions, the stomach by 
itself cannot expel its contents. They by no means show that in 
ordinary vomiting the stomach is passive, and there are good reasons 
for believing the contrary. In some cases of violent vomiting the 
contents of the duodenum are passed by anti-peristalsis into the 
stomach, and are then vomited. Where there is obstruction to the 
intestine, as in strangulated hernia, the total contents of the intestine 
above the obstruction may be vomited.;.; 

Nervous Mechanism . — Some few persons possess the power of 
vomiting at will, or the power may be acquired by effort and practice. 
But normally the action is a refle^ one. 

The afferent nerves are principally the trigeminal, and glosso- 
pharyngeal (as in vomiting produced by tickling the fauces), and 
the vagus (as in vomiting produced by gastric irritants); but 
vomiting "may occur from stimulation of other sensory nerves," e.g., 
those from the kidney, uterus, testicle, etc. The medullary centres 
may also be stimulated by impressions from the cerebrum and 
cerebellum, producing the so-caUed vomiting., which occurs 

in diseases of those parts. 

The efferent (rnotor) impulses are carried by the vagi to >fche 
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stomach, by the phrenics to the diaphragm, and by various other 
spinal nerves to the abdominal muscles. ' ' 

Emetics . — Most emetics produce vomiting by irritating the 
stomach; some, such as apomorphine, by .stimulating, the medullary 
centres. 'I 

At was recorded by Dixon that a dog into which he had previously 
injected apomorphine eventually vomited when it saw the syringe, 
thus indicating the establishment of a conditioned- reflex. k ; 

The mechanism'^of vomiting is discussed by Hatcher (lQ24:)j' 

Movements of the Small Intestine. 

The intestinal movements may be studied in several ways. 
Observations may be made on the exposed intestines when the 
abdomen is opened. They may be studied under more artificial 
conditions by taking a length of intestine from a freshly killed 
animal and placing it in a warm bath of oxygenated Tyrode’s 
solution. This method is most useful for the study of the action of 
various drugs. The apparatus by which the movements may be 
recorded is described on p. 468 below, where the constitution of 
Tyrode’s solution is also given. In man, the most valuable method 
is to study thei movements by X-ray already referred to in regard 
to the, stomach. 1 

\_x<rhe object of these movements is to force the contents along the ^ 
tube, and thoroughly to mix, them with the digestive juices. U 

• ' The most important movement is peristalsis, such as has been . < 
already described in relation to the oesophagus (p. 454). It is ' 
doubtful if intestinal peristalsis is ever so intense as that in' the j 
oesophagus, which is more under the control of the central nervous! 
system. According to Alvarez the preceding wave of relaxation • 
is_absent,_.and , the’ movements, ..consist. .of ..rapid rushes. Its rate, 
however, is generally slower, but varies very much — from 1 cm. per 
minute„to..25..cm. per_ second. The length of the wave also varies. 

It may only travel a short distance or may sweep throughout the 
whole length of the intestine. The more rapid waves are known 
as the _per istaltic; ru sh and may be initiated by taking food into 
the stomSeffAnd especially hot fluid. 

- Cannon also observed, by the X-ray method in dogs and cats, ■ 
s^gmental„„inove,ments. They ape very regular and constant.: ^ 
A dark shadow, due to the bismuth in the food administered, is at/\ 
one moment of a certain length like a short sausage ; at then i 
' constricts in the centre, arid divides into two; each half divides | 
again ; then the two central segments join together, and this 
repeats itself every few seconds. In man, Hurst timed the rate, 

. and found it occurred about ten times in a minute and a half.' .This 
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frequent division and subdivision not only ensures admixtiu’e with the 
juices, but brings every portion in 'turn in contact with the absorbing 
mucous membrane, and favours the flow of chyle and blood. 

After a bismuth meal, the shadow appears in , the caeciun three 
and a half to five hours, after the food is taken. The average time is 
fprir_and-a-half— hours. The^movements ,are_greatest. at the upper 
end of the alimentary canal where, according to Alvarez, metabohsm 
is .most, active. In this region the digestive processes are most 
active and most juices are added to the food. 

T he pendulutn. movements consist of slight waves of contraction 
Renting both muscular coats, and these are rapidly propagated 
;^t the rate of 2 to 5 cms. per second. They cause a movement 
of the intestine from side to sldej^nd occur at regular intervals 
of five or six seconds. They are not efficacious in moving thei 
contents onwards, but they bring about a very thorough, mixingj 

~ of the contents. - ■ - - 

The pendulum movements differ from true peristalsis in being 
myogenic ; that is, they are due to the rhythmicalitv of the mu scle- 
fibres—themselves, and are propagated from one muscI^fibreTo 
another. They, are not . abolished-by-eocaine or nicotine (Starling). 

In addition to the movements of the intestine as a whole the 
•vllU exercise a pumping action. The villi contract if any mechanical 
/Stimulus is applied at their base, but it is suggested that their normal 
' stimulus is a hormone called yillikinin which can be extracted from 
tbem-and is thought to be liberated into the blood after the manner 
- of secretin,<^or the placing of hydrochloric~acid-in the duodenum 
of one dogj'; whose blood is made to supply the intestine of another, 
is stated to produce movements of the villi in] the latter. The 
muscularis mucosse relaxes during active digestion| The mqscularis 
. mucosse is ca used to contract by adrenahne, but the exact valued the 
; contraction of this muscle is not knbwn. A 
-'Vvlntestinal Gradient. — The evi^encej/especially that'of Alvarez, 
im^at there is a gradient of activity throughout the intestine, 
^he upper end has a greater tone, irritability and rate of rhythmical 
Contraction than the lower parts. /Thus in studying intestinal 
movement pieces of the duodenum are taken for preference.^*. 

Gradient probably explains why it is impossible for an animal to 
survive, if a portion of intestine has its direction reversed, for the 
food will only pass in the one direction, i.e. f rom a r egion of high 
activity to one.of ajower. 


Movements of the Large Intestine. 

We have seen that in man the food begins to arrive in the 
caecum four and a half hours after it reaches the stomach ; when it 
arrives in the caecum it contains 90 per cent, of water, together with 
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a small amount of the unabsorbed products of digestion of proteins, 

fats, and carbohydrates. During its passage along the large intestine 

these are absorbed, and most absorption appears to occur in the 

cEecum; the norrnal firm consistency of the 'f£e'ces, ’wliicE contain 

7.5_per^cent. of water, is not . finally attained until they arrive in the 

pelvic colon, whm’e they are retained until defsecation takes place. 

Peristalsis., in. the colon .occurs much more slowly than in the 

small, intestine, -/and the accompanying diagfaih gives' the time in 



Fig. 168. — Semi-dlagramraatJic view of the large iutestine; the figures give in hours the average times 
after taking a meal that its debris reaches the various parts. (Hurst.) This diagram shows the 
transverse colon in a higher position than it occupies when the man is erect, and rather higher 
than the average even in the horizontal position. ^ 


hours after the taking of a bismuth meal that the shadow appears at 
various points in man. It will be noted that the movement of the 
contents of the large intestine is slow compared with that of the 
small intestine ; indeed, the rate may be less than a foot per hour. 
These observations were made in the daytime ; during_sleep_the_rate 
-. of .progress m ay be slower. Commonly, a, .mass occurs. It 

begins - at the . hepatic , flexure and carries all before it. It . may be 
initiated by taking food into the stomach or by emotional influences. 
Similar influences affect the contractions of the lower end of the 
ileum and normally bring hbout relaxation of the ileo-c^cal, sphincter, 
i.e. the qa stro- ileal re,jiex. The c^cum. itself is remarkably inert. In 
the herbfvora it' is an important seat of the bacterial decomposition 
of cellulose. . 

Eegurgitation into the small intestine is effectually prevented, 
partly.bythe il.ep-c. recal valve , and mainly by a strong band of circular 
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muscle-fibres called the ileo;Csecal. .sphincter ; this is normally kept 
in a state of tonic contraction by impulses carried by the splanchnic 
nerve; it is relaxed when this nerve is cut, and then the contents 
of the two intestines mix freely (T. E. Elliott). 


Defaecation. 

The rectum is a short tube about 4 or 5 inches ^long in man, 
and is normaUy empty until immediately before defaecation. In 
a. person of regular habits, a glass of water on rising, and the 
taking of breakfast, if- attended by mental quiet, combine to produce 
peristalsis of the colon, so that a small quantity of faeces enters the 
rectum, and produces, the desire to defecate. This is known as 
the gastro-colic reflex. At the end of the rectum is the anal canal, 
closed by a strong internal sphincter (a thickening of the involuntary 
circular fibres of the muscular coat), and by the external sphincter, 
which is a voluntary muscle made of transversely striated fibres. 

The “ call to defecation ” having been thus produced, the act itself 
is started by the increase in intra-abdominal pressure brought about 
by the voluntary contraction of the abdominal .wall,. the diaphragm 
and relaxation of the levator ahi. The diaphragm.is..kept down by 
deep inspirations, followed by closure of the glottis ; this depresses the 
colon, so that the shadow, of its transverse portion and the flexures 
may be lowered as much as 2 inches. The transverse colon may 
not rise to its normal position until even an hour has elapsed 
from the^ act of straining during defecation. Accompanying the 
action of these voluntary muscles, the whole colon from the caecum 
onwards enters into po werful _ p,eri3talsis ; the contents of the 
transverse colon are thus forced into th'e descending colon, from 
which they are evacuated together with the feces already present 
between the splenic flexure and the anus. The entrance of more 
■faeces into the rectum until they reach the anal canal irritates afferent 
nerves in the wall of the rectum ; the nerve impulses so generated 
pass to a centre or centres in the.lumbo-sacral-iegioii- of-t herspin.al 
.cord,. where efferent impulses are set in, action upon which depend 
the reflex acts required to complete the process ; these are : — 

1. Strong peristalsis of the whole colon, 
f 2. Continued contraction of the abdominal muscles, 
f 3. Eelaxation of both the anal sphincters and of the levator ani 

. f 

The last traces of feces are expelled by voluntary contractions' of 
the levator ani. . - 

If the call to defecation is resisted, the desire soon passes away, 
and may not recur untE the next regular period arrives’ for the 
opening of the bowels, twenty-four hours later. It seems likely 
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possibly because usually more, cellulose is actually taken and there 
is more stimulation of the mucous cells. It is claimed that the 
vitamin .B of the -bran-has a beneficial effect in toning up the bowel. 
In many instances of constipation the colon is in a. state of 
excessive tone sometimes from too frequent indulgence in purgatives. 
The latter .should only be taken as temporary alleviants for 
. eventually they only aggravate the condition. 

?•' Neglect is one of the conunonest causes of constipation, for the 
- retained faeces continue to lose water, and get harder, and more 
difficult to expel. Constipation is a possible cause of many — 
according to some, the majority — of hum an ail ments, because of 
the absorption of toxic products of putrefaction. There is, however, 
evidence that mere distension of the rectum and colon may bring 
about some of the symptoms commonly attribnted .to constipation 
(Alvarez). 

Retekences. — G arry, R. C., 1934 ;~Hurst, 1923. 

The Neevous Oonteol of the Alimentaey Canal.-.^. \ v 

We have already seen- in relation to peristalsis that such 
movement is largely independent of external nerves.- The activity 
of the alimentary canal is brought into relation with the general 
requirements of the body by means of two sets of nerves: the 
sympathetic and the parasympathetic (vagus and nervi erigentes). 

The Sympathetic supply leaves the spinal cord by the anterior 
roots of the spinal nerves. Those for the stomach leave by the 
fifthuto' thereighth.thoracie roots and have their cell stations in the, 
coeliac , ganglia, which they reach by the splanchnic. neiwes; those 
for the small intestine by the sixth thoracic, to first lumbar_ro.ots, . 
but do not synapse until they reach — by way also of the splanchnic 
nerves — the superior mesen teric g^,e: hon those, for the large 
intestine by the lower thoracic roots pass down the sympathetic 
chain to the lesser splanchnic nerves and eventually synapse in the 
infe rior, mese nteric ganglion, thence they pass by the colonic nerves 
to the colon, and by the "hypogastric nerves to the rectum and anal 
sphincter. ITh e event ual distribution of the nerves- is with the larger 
art eries . ' 

The Parasympathetic.— The upper part of the alimentary canal 
is supplied by the vagi nerves, as far as the middle. of^ the transverse 
coloprand the large intestine downvrardsTjy* the ner vi’ erigentes or 
pelvic nerves, which arise from the second, third, and”fomth Sacral 
nerves. These are all pre-ganglionic fibres winch synapse in ganglia 
in the intestinal wall, as may be shown by the action of nicotine, 
which, if painted on the intestine, paralyses vagal but not sympathetic 
action. 
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Local Distribution of Nerves (fig. 164). — In the intestinal wall 
there are two large interconnected nerve plexuses, onfi_suhmnc.ous, 
ih^sne.7^s_(PIsjn.), and one bet ween the. two, muscle Jayers, Aueriach’s 
(Pl.m.) The exact relationship of these plexuses has recently been 



reinvestigated by 0. J. Hill, who has concluded that they are 
essentially par^ympathetic, being concerned in the ultimate distri-] 
bution''hf the vagus fibres which we have noted synapse in the \ 
ganglia of the plexuses. Prom the ganglia, post-ganglionic fibres! 
pass to the muscle layers and to a den se subepitJielid l'.vlexus which * 
supplies t he_.villi and glands. The vagal fibres have little or no. 
connection with blood-vessels. It is to be understood that the 
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I so-called^plexuses are composed essentially of neurones and are not 
I a 'nerye~njtwork. 

In addition to these parasympathetic plexuses hliss Hill has 
shoTTO the presence of sympathetic plexuses, one .i ntram uscular, from 
yphieh the muscle cells are supplied, and one subserou s, which 
supplies the serous coat and is probably sensory in function. Jlinor 
differences occur in different regions of the gut. Unlike the para-l 
sympathetic, the sympathetic fibres are closely bound up with the r\ 
vessels of the part. 




Fio. 1C5. — The effect of drags on the isolated intestine in Tyrode’s solution hy the* method shown in 
fig. 1G6. In the upper record the inhibiting efiect of adrenaline is shown, in the lower the 
stimulating effect, from A, of choline pilocarpine or eserine) which 'is abolished by atropine, 
from B. The drugs are:dropped into the saline Inth and mixed by the o^gen hubbies. Similar 
records can ho obtained hy placing a balloon inside the lumen of the intestine and attaching it to 
a tam^ur. 


The Function of the Sympathetic is generally inhibitory _ t xLJhe 
movem ents o f the al imgi^,r y- can al, with the exceptitm”^of"^tIie 
^spGncters-andl.the^mu^uli^^ mucosse^> w hich j xe constricte^. The 
latter are also constrict^'^y^“3fehaline, the great^ sympathetic 
stimulant. Stimulation of the sympathetic or adrenaline . causes 
inhibition of a. piece of isolated intestine contracting rhythmically; 
indeed use is made, of this in the biological assay of adrenaline. 
(See fig. 165.) Excitation of the sympathetic also causes constriction 
of the blood-vessels of the gut. 

It may be assumed that the effect of pain, anger, and severe 
muscular activity in bringing about inhibition of the gut is exerted 
through the sympathetic, like the cardiac acceleration caused by 
similar states. 
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Function of- the Parasympathetic .— appears to be,augmentgr 
and, as we have seen in relation to gastric juice, sec^^iX 
actual effect, for example, of stimulation of the vagus'^bn^the* stomach j 
has been shown by McCrea to depend on the state of the organ at I, 
the time. If_it_is-Jull,. .the. .stomach, is.. contracted,, but .if . empty, | 
it is jelaxed. If the intestine is contracting, stimulation of the ' 
vagus brings about a brief inhibition, and subsequently marked 
augmentation, which is caused also by the action of acetyl-choline 
and pUocarpine, the great parasympathetic stimulants, on isolated 
intestine. (See fig. 165.) , ' 

The action of the parasympathetic normally is most marked during 
rest, especially that following active muscular exercise, which also 
facilitates the action of the colon by toning up the abdominal muscles. 

Occasionally, especially after the prolonged use of strong 
purgatives, the large intestine, especially the descending colon, 
becomes the seat of acute and very painful spasm. This appears 
to be partly vagal in origin for it is relieved by a large dose of 
atropine. 

The reverse sometimes occurs and the colon dilates to a large 
size and retains enormous quantities of fseces. The condition is 
relieved by section of the sympathetic supply (Learmonth). 

The movements of the intestine appear to be both increased 
and decreased by emotional states. It would seem that fear, anger, 
and exercise diminish intestinal activity at first, but that . exercise 
is followed by increased intestinal activity as it is" followed by 
increased vagal restraint of the heart. An emotion due to a 
circumstance over which the individual is powerless may have the |y 
effect of producing a mass peristalsis and evacuation of the bowels 
as if the sympathetic was temporarily, thrown. out. of action.* 

The seeretioh of mucus i^ also markedly affected by. nervous 
stimulation. The secretion of the colon is increased by' stimulation 
of the pelvic nerves especially after, eserine and reduced by atropiue, 
but the atropinised colon ^ can absorb fluid completely. Narcotics 
greatly reduce the rate of secretion of mucus but the effect is 
combated by eserine. The narcotics therefore probably act on the 
enteric plexuses (Wright, Tlorey and Jennings). 

The movements of the villi appear to be under the same control 
as the rest of the activity of the intestine for they are stopped by ■ 
any procedure which stimulates the sympathetic while they are ' 
increased by eserine. ' The„ac.t iou appears to b e...iuider„the control 
of M eissn er’s plexus (Verzdr). ”, “ 

The Study of the Isolated Intestine, etc. — The method of 
studying, the isolated intestine is of special importance, not only 
because by its use it is possible to investigate the action of drugs 
* ThTs. reaction has been commonly observed during air-raids. 
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The detailed composition in percentages is given below but need 
not be memorised. 



Ringor-Locke. 

Tyrode. 

Van Dyke and 
Hastings. 

NaCl .... 

0-9 

0-8 

0 659 

KCI . 

0-042 

0-02 

0-046 

CaCls .... 

0-024 

0*02 

.0*005 

NaHCOg 

0-015 

0*1 

0-252 

Glucose . . 

0-15 1 

0-1 

• «« 

MgCL 


0-01 / 

0-009 

NaHoP 04 . . - ! 

! 

. 0-005 

0-01 

NaoHPO^ . 

— 

... 

0*008 


Plants may be grown in sand kept moist by similar solutions, 
with, of course, the addition of other nutrients, e.g. nitrates and 
sulphates from which they form their substance; indeed, such 
solutions were used for this purpose many years before they were 
adopted for animaPtissues. 

References. — Alvarez, Barclay, ,Todd. > 



CHAPTER XXXIY 


INTERMEDIATE METABOLISM 



The word metabolism has been often eniployed in the preceding 
chapters, and, as there explained, it is used to express the sum total 
of the chemical exchanges that occur in living tissues. " " * 

The living body is always giving off by the lungs, kidneys, and 
skin the . products of its combustion, and is thus always tending to 
lose weight. This loss is compensated for by the intake of food and 
of oxygen. Eor the material it loses, it receives in exchange fresh 
substances. If, as in a normal adult, the income is exactly equal to 
the expenditure, the body-weight remains constant. If, as in a 
growing child, the income exceeds the expenditure, the body gains 
weight; and if, as in febrile conditions, or during starvation, the 
expenditure exceeds the income, the body wastes. 

The different parts of the body have very different compositions ; 
still, speaking of the body as a whole, Volkmann and Bischoff state 
• that it contains 64 per cent, of water, 16 of proteins, 14 of fat, 6 of 
salt, arid 1 of carbohydrate'^s. The carbohydrates are thus the smallest 
constituent of the body; they are the glycogen of the liver and 
muscles, and small quantities of glucose in various parts. 

The most important, because the most abundant of the tissues 
of the body, is the muscular tissue. Muscle forms about 42 per 
cent, of the body-weight,* and contairisY''in'^round“'' numbers, 75 
per cent, of water arid 21 per cent, of proteins; thus about half 
the protein material and water of the body exists in its muscles. 

The body, however, does not remain in a stable condition ; even 
wlrile nutrition is occurring, destructive changes are taking • place 
simultaneously; each cell may be considered to be in a state of 
unstable equilibrium, undergoing anabolic^ or constructive, processes 
on the .one hand, and destructive, 6i ' IcataboUc, processes on the 
other. 

The two sides of metabolism may be compared by means of a 


* The following is in round numbers the percentage proportion of the diilerent 
structural elements of the body; skeleton, 16; muscles, 42; fat, 18; viscera, 9; 
skin, 8 ; brain, 2; blood, 5. 
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balance-slieet, and the necessary data for the construction of such a 
comparison are : — . 

(1) The weight of the animal before^ during, and after the 
experiment. 

(2) The quantity and composition of its food. 

(3) Thd amount of oxygen absorbed during respiration. 

(4) The quantity and composition of urine, faeces, sweat, and 
expired air. 

(5) The amount of work done, and the amount of heat developed. 

Water is determined by subtracting the amount of water ingested 

as food from the quantity lost by bowels, urine, lungs, and skin. 
The difference is a measure of the oxidation of hydrogen. 

^ Proteins . — ^The nitrogen is derived from proteins, and appears 
chiefly in the urine. Smaller quantities are eliminated in the sweat and 
faeces. From the amount of nitrogen so found, the amount of proteins 
which have undergone katabohsm is calculated. Proteins contain, 
roughly, 16 per cent, of nitrogen ; so 1 part.of. nitrogen is equivalent to 
6'25 parts of protein ; or 1 gram of nitrogen to 30 grams of flesh. 

Fat and Garholiydrate . — By subtracting the carbon in the katabo- 
lised protein (protein contains 54 per cent, of carbon) from the total 
carbon eliminated by lungs, skin, bowels, and kidneys, we get 
the amount representing fat and carbohydrate/ which have under- 
gone katabohsm. 

Balance of Income and Expenditure in Health. 

Tables have already been given of adequate diets ; these will in 
our balance-sheet represent the sources of income; the other side 
of the balance-sheet, the expenditure, consists of the excretions. 

We may select as our example a typical table of this daily 
exchange of material 'on an ordinary diet from the work of Petten- 
kofer and Voit. In the first experiment the man did no work. 


Income. 

Expenditure. 

Food. 

Nitrogen; 
in gms. 

Carbon, 
in gms. 

Excretions, 

Nitrogen, 
in gms. 

Carbon, 
in gms. 

'Water, 
in gms. 

Protein 137 gms. 
Fat . 117 „ 
Carbohy- 
drate 352 ,v 
Water . 2016 ,, 

! 

|l9-5 

315*5 

Urine . 
Faeces . 
Expired 
air 

17-4 - 
2*1 

12*7 

14*5 

248*6 

1279 

83 

828 

19 ‘5 

275-8 

2190 


Here the body was in nitrogenous equilibrium, and it eliminated 
more water than it took in by 174 grams, this being derived from 
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oxidation of hydrogen. It stored 3 9 ’7 grams of carbon, which is 
equivalent to 52 grams of fat. 

The next table gives the results of an experiment on the same man 
, on the same diet, but who did active muscular work during the day : 


Expenditure. 

Nitrogen. 

Carbon. 

, "Water. 

Urine .... 

17-4 

12*6 

1194 

Faeces .... 

2-1 

14*5 

94 

Expired air . 



309*2 

1412 


19*5 

336*3 

2700 


It is important to notice that the discharge of nitrogen was 
unaltered, while that of both carbon and hydrogen was increased. 
At one time protein was considered to be the great source of 
muscular energy ; this was first disproved by an historical experiment 
made by Tick and Wislicenus on themselves in their ascent of the 
Faulhorn. The body is most economical in reference to protein wastej; 
and any increase in nitrogenous katabolism .which occurs during,; 
muscular work is small. 

Some observers have found- larger changes, notably Cathcart. 
We may now proceed to study the details and end-results and 
we may most conveniently consider the question under the three 
headings of the principal food materials, namely, carbohydrates, fats, 
and proteins^ . 

• . . Metabolism of Carbohydrates. 


/ 


In plants, carbohydrates are synthesised by the agency ot.chloro- 
pliyll from the simple materials carbonic acid and water, which they 
take in as foods. The first substance formed is probably formic alde- 
hyde, H. O HO (which is the s implest ca rbohy-drate_known\ and 
tMs by condensation" is ” conTCrted into sugar, and finally, into 
starch. We have no clear evidence that a synthesis of this kind 
ever takes place in, animals, th e mai n_so urce of animal carbohydrate 
being wegeta ble carbohydrate./ ~ 

have seen that the more complex carbohydrates are broken 
down to monosaccharides in digestion. By salivary digestion and 
the amylase of the pancreatic juice, starch is hydrolysed to maltose, 
which is further converted into glucose by the maltase of intestinal 
juice. Cane-sugar is inverted by invertase to glucose and fructose 
while lactose is broken down into glucose and galactbse^by lactase. 

These monosaccharides are absorbed into ’ the blood-stream, 


but ~they~arh' fapi 'dly, for the 'mo st' part, "cbnv'erted into glucose, 
probably 'by the hver. ” In excess they'are' rapidly excreted by the 
kidney as abnormal substances. We may then consider .glucose, as 
^the current carbohydrate coin of the body. A-i 


-/v 
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The Utilisation of Sugar.— The sugar may be utilised, in J;hree l 
ways.: it may be stored as . glycogen, in which form it is readily 
available for reconversion into glucose ; or as fat/ which is a more I 
concentrated form of storage ; or it may be used as fuel, that is 
oxidised in the organs of the body, especially the muscles, . whose 
requirements are most variable. It appears, however, that glucose 
cannot be utilised adequately for any of these purposes without 
the co-operation of the internal secretion produced by the pancreas 
and known as insulin , the action of which will be dealt with 
further below. (Summary in fig. 168, p. 482.) 

(1) TJie. Formation of Glycogen — Glygogeriesisr — G-lycogen appears 
to be formed whenever the supply of glucose is in excess of that 
required for immediate use. As we have already seen above, it 
is a polysaccharide and is nmch less stable than vegetable starch. 
About a half is ..stored in the iiyer and ahdut a similar 'quantity 
in the muscles, but it is present in small amounts in" most" tissues.' ! 

I Foetal inus'cle and the auriculo-ventricular bundle arc particularly 
\' rich. It may be demonstrated in liver cells " by staining with 
' iodine which turns the glycogen granules reddish-brown, but in order 
to show this it is necessary to give the animal a diet rich in 
carbohydrate and, after killing it, to plunge the tissue immediately 
into boiling water to fix the liver cells, otherwise the glycogen 
is very rapidly reconverted to glucose. In the case of the muscles, 
this condensation of glucose has been demonstrated by perfusing 
these structures with blood containing glucose, and subsequently 
estimating the amount which they have taken up. The liver 
apparently cannot make glycogen from glucose dn this way, but 
only if lactic acid or fructose solutions are perfused. , The storage 
is therefore not so simple as at first sight appears for the liver 
cannot make glycogen from the blood glucose. For the storage" of 
glycogen by any organ the presence of insulin in the blood is 
necessary. The liver of a well-fed man has been calculated to hold j 
about . 200 grams. 

Actually th’e’demonstration of glycogen storage in the liver was 
one of the earliest experiments done on carbohydrate metabolism. 
Claude Bernard, in 1848, washed a liver apparently free from , 
glucose, but on letting it stand dor an hour found that glucose 
again appeared in the perfusate, thus showing that there was in the 
liver a precursor of glucose. Bernard, however, considered that the 
liver secreted glucose and first used the term “internal secretion” 
in this connection. 


He also went further, he washed the liver free from glucose, 
cut it up and threw it into boiling water in which he ground it. 
After filtering off the solid material he found he had an opalescent 
solution from which he was able by means of alcohol to precipitate 

, - . . C. V . . r""' /- \ • ’I • ’ 


474 , INTERMEDIATE METABOLISM [CH. XXXIT. 

a substance which he called glycogen (the sugar former). Bernard 
was Professor of Physiology in Paris, 

As we shall see; the rapid conversion of. glycogen into glucose 
is of great value when large .amounts of fuel are needed in the 
blood. The glycogen in the muscles, which in man is about 
350 gram s, is immediately available for muscular' exercise; but, 
apparently in the mammal, if it is broken down into lactic a cid; 
and_not-actually_needed,- it-is-again-builttup into .liver glycogen. 
The total glycogen stored in the body is about .|^OlO. grams and 
will supply about 3000 calories, or sufficient for one day. Liverp 
glycogen may also be formed from protein if more of this subst'ancel 
is“takeh in than is needed for the repair of tissue. Some workers 
believe that it may also be made from fat, but the evidence on this 
point is not complete. 

Glycogen never disappears completely from the liver in 
starvation, but may do so in strychnine convulsions or after 
injection of phloridzin which causes excessive loss of glucose from 
the kidney. 

(2) The Formation of Fat. — That fat can be formed from . carbo - 1 
hydrates was definitely proved by the well-known experiment of i 
lAwes and Gilbert, in 1852, on the fattening of pigs by feeding 
them with barley. This transformation has never been accomphshed 
outside the body and its possibility was at first denied by chemists. 
How the long chains of the fat are linked together from the 
shorter carbohydrate chains is difficult to see. Micro-brganisms can 
accomphsh the change of lactic acid into such fatty acids as acetic, 
butyric and caproic; boiling with alkali brings about a similar 
reaction. The most recent view is that* pyruvic acid or acetic 
aldehyde may be the intermediate state, but' all we can say is 
that the change probably takes place in the liver. 

(31 The Formation of Lactose, etc . — In the lactating mammal the 
mammary glands produce lactose from glucose, presumably through 
galactose. 

In certain circumstances glucuronic acid is. elaborated from 
glucose for the detoxication of poisonons substances to be excreted 
in the urine, and these give the tests for glucose. In other circum- 
stances pentoses are formed. 

(4) Oxidation of Carbohydrates . — All ca rbohydrates are oxidised 
exentuaUy to carbon dioxide and wa,ter, but~it'"is~ now' known that 
many intermediate stages occur. Lactic acid is the best known | 
and most easily recognised internaecKaJEe pfoduct,' “but" 'there "are j 
many others. 

The first stage appears to be the combination with phosphoric 
acid or phosphorhylation of the glycogen to form a hexose phosphate 
In support of this view, it is found, for example, that the addition 
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of phosphate to minced muscle causes all the glycogen store and 
even added glycogen and glucose . to be converted into lactic acid. 
Such a substance as hexose phosphate is found in the muscle juice 
and can be converted into lactic acid and phosphate, and these 
are found in equivalent amounts. Substances, e.g. arsenites, , which 
hasten the decomposition of hexose diphosphate in yeast fermentation, 
hasten the oxygen consumption and lactic acid formation in muscle. 
It is known, also, that muscular work increases the amount of 
phosphate excreted. • 

The origin of the phosphoric acid appears to be adenyl pyro- 
pliosphate and indirectly creatine phosphate (see Chemical Changes in 
Muscle, p. 41), sometimes called phosphagen, because of this action. 
If- adenyl phosphate is removed from muscle juice the reaction 
does not proceed, although all the other constituents necessary 
are present. Detailed investigation has revealed several stages in 
which phosphoric acid plays a part thus : — 


> Glycogen + phosphoric acid 


I 


hexose (fructose) diphosphate (lactacidogen) 

I 

dihydroxyacetone phosphate 


glycero, phosphate (2 forms) 

'I' 

pyruvo phosphate 

■ 'i' ' 

pyruvic acid + phosphoric acid-<- 
+ glycerophosphate * ^ 


dihydroxyacetone phosphate 

lactic acid -h O 2 

CO2 + H3O 


- It is known that -most tissues contain • oxidation and reduction 
enzymes, which can break down such substances generally (see 
Tissue Eespiration). These stages, especially the pyruvic acid stage, 
are important as they may be common points in the breakdown or 
•synthesis of carbohydrates, fats, and proteins. 

Refeuences. — Schaffer and Ronzoni, Cori, Needham, Robison. 


TRe Relation of the Pancreas to Oarhohydrate Metaholism. 

The fact that the pancreas was related to carbohydrate metab- 
olism was first demonstrated by Minkowski and von Mering in 
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1889, who removed the pancreas in dogs. It was observed that 
the dogs licked their urine and this led to the discovery of the 
presence of glucose in the excretion; further, that the glycosuria 
did not develop if a small piece of pancreas was transplanted under 
the skin and that otherwise total removal of the pancreas resulted 
in death in a few weeks. A year later Schultze showed that mere 
tying or blocking of the pancreatic duct did not produce such 
symptoms, which soon became recognised as the same condition as 
diabetes meUitus in man, in which the pancreas was known often to 
be diseased. These experiments led to the discovery that the 
islets of Langerhans which, unlike the ordinary acinar cells, do not 
degenerate when the ducts are tied, produced a substance which 
controlled . carbohydrate metabolism. This substance was called 
insulin by de Meyer in 1909. The steps leading to its actual dis- 
covery are given by Macleod, 1926. 

The Preparation of Insulin. — The knowledge of the subject 
rerdained almost stationary for thirty years, although spasmodic 
unsuccessful attempts were made to make extracts of pancreas, 
which would alleviate the condition of diabetes, until Banting 
and his colleague feest demonstrated conclusively that there was a 
substance in the pancreas which could cause the glycosuria to 
disappear, but that the activity of extracts was usually destroyed 
by the pancreatic trypsin. They found it possible to make potent 
extracts frona the pancreas of foetal calves in which trypsin was not 
yet formed and from animals in which the trypsin-producing .cells 
had been caused to degenerate by previously tying the duct. 

Subsequently it was realised that trypsin is insoluble in 
50 per cent, alcohol, and this was the basis of the original 
method of extraction. Extracts are now made with cold weak 
alkaline alcohol and precipitated by adding further alcohol or hy 
grinding up the pancreas with solid picric acid which precipitates 
the protein and insulin and redissolving the latter with acetone. 
(Collip ; ' Dudley ; Dodds and Dickens.) Insulin is now used 
. extensively in the treatment of diabetes. Thus out of the early 
experiments, carried out on animals in the cause of pure science, 
an enormous benefit has been conferred on mankind. 

The amount of insulin in the pancreas is reduced by a fatty j 
diet and by fasting. A low carbohydrate and high fat diet renders - 
a subject more, sensitive to insulin through an action on the 
pituitary body (Himsworth). Ins uli n causes a secretion of gastric 
juice and is used instead of a tesFmeal in studying gastric secretion. 
If is excreted by the kidney. . 

The Chemistry of Insulin . — The exact formula of insulin has 
not yet been worked out, as it is a cqnyjlex protein, but it has 
been possible to prepare it in crystalline form, zinc being apparently 
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necesplry for the crystallisation (Abel, Harrington and , Scott). - 
Insulin contains most of the common amino-acids- but no 
tryptophan. It is not stable in' alkaline solution, although fairly, 
so in acid. 

The^ standardisation of insulin 'was originally carried out by 
determining how much insuhn was required to lower the blood 
sugar to 0'04 per cent, when , convulsions are produced in a fasting 
rabbit of 2 kilos. It is now standardised by comparing the activity 
of the unknown sample with that of a standard sample agreed upon 
‘by a League of Hations Committee. 

One milligram of the crystalline substance is equivalent to 
24 units. 

The Nature of Insulin Action. — We have seen that jnsuhn 
fa cili tates the utilisation of carbohydrates. It has also been shown, 
by Hawley and Miirlm, that the oxidation of sugar is markedly 
increased, although, during the first hour, in insuhn hypoglycsemia 
I the sugar is apparently built up into some other substance. 
Exactly what happens to the glucose under the action of insuhn 
has been shown by the experiments of Best, Dale, Hoet, and 
Marks, who perfused for a long period a glucose solution, plus 
insuhn, through the vessels of an animal in which the ahmentary 
canal and its associated glands including the liver, had been re- 
moved. They found that aU the glucose which had disappeared 
could be accounted for by oxidation or by increase of muscle 
■ glycogen. . 

We may, then, look upon the action of insulin as increasing 
the activity of tissues in relation to carbohydrate, whatever that 
action may be. Thus it facihtates the building of glycogen by 
the hver and muscle and its utihsation by the muscle. When the s 
• blood sugar is high in a diabetic the injection ■ of insuhn causes, | 
therefore, glycogen to be built up in the hver, but by facilitating i 
glucose usage in the enormous mass of body muscle .it may cause S 
the blood sugar to fall below normal. The intimate nature of the I 
action of insuhn is still a problem. 

,.,_Hypoglyo8emia (Low Blood Sugar). — If insuhn is inje.cted.into,. 
■a normal animal (or in excess into a diabetic animal) .the blood sugar 
fal ls. W hen, ab has been said, it has faUen in rabbits to 0 '04 per cent., 
convulsions "ensue ; but this level is not usually reached unless the ■ 
animal has been starved for twenty-four hours to get rid 'of the 
glycdgen store. As this store is never quite depleted the convulsions 
may cause a temporary rise of blood sugar. 

In man, a similar state occurs, hut 'it is ,commonly:Anitiated 
by hunger, sweating, loss of emotional control (parasympathetic 
activity ?), faintness, and lassitude. , 

An excessive dose of insuhn causes (like oxygen-want) uncon- 
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sciousness and eventually death' from respiratory failure as a result 
of the loss of fuel supply to the brain, since there is nothing to 
oxidise. Complete recovery occurs, however, when the fuel is 
restored hy the injection of glucose or is mobilised by adrenaline 
(see below). Posterior pituitary extract also acts, but apparently by 
a£teg(^sing the insulin, for it does not- raise the blood sugar. 
Hj^oglycjemia and increased sugar usage are common in some 
forms of pituitary disease, presumably as a result of the absence 
of this antagonising action. Individuals vary very much in their 
sensitivity to insulin, as is indicated by the speed of the fall in 
blood sugar. 

Cases have been recently described in which hypoglycmmia 
is due to a local overgrowth (adenoma) of the islet tissue of the 
pancreas. 

The Mechanism of Insulin Secretion. — Just as the external- 
^ecretion^ of the pancreas is controlled by the vagus nerve, so also is; 
the internal secretion. Stimulation of the peripheral end of 
vagus, the injection of pilocarpine or of alkali (which has many 
other actions like those of the parasympathetic) all cause a fall of 
blood sugar. In order to demonstrate this, however, it is necessary 
to paralyse the sympathetic with ergotoxine (Clark), or to stimulate 
the sympathetic previously to a maximum. These facts suggest that 
whatever the nature of insulin action it acta during the time when the 
parasympathetic is most active, during physical and mental rest. 
Of some significance* may be the fact that when a diabetic is in the 
habit of taking exercise, less insulin is necessary, and we know that 
in the intervals between exercise there is often increased parasympa- 
thetic activity. If appears that insulin is normally circulating in the 
blood, since the transfusion of normal blood brings about a lessening 
of blood sugar in a diabetic, and its presence normally in the? 
tissues is indicated by the fact that there is less .blood sugar in| 
the venous than in the arterial blood. This is not so in the diabetic 
(Lawrence). 

There is some evidence also that the ingesMon of ^carbohydmte 
causes an outppiumg of insulin. If a quantity of glucose (100 gins.) 
is“a9niinistered to an individual there is a rise of blood sugar which 
is followed by a fall below the resting level. At this stage a 
subsequent similar dose of glucose may not cause the blood sugar 
to rise. 

It has also been shown by Glen that the venous blood of a dog 
injected with glucose will reduce the blood sugar of another dog. 
On the other hand, many workers have failed to find that the 
injection of glucose into the blood causes any increased speed in 
the fall of blood sugar after a second injection. 


CH. XXXIV.] 


THE BLOOD SUGAE 


479 


The Maintenance of the Blood Sugar Level. 



The Blood Sugar. — This term is given to the glucose present in 
the blood and the amount depends on the balance between the amount 
of sugar being absorbed and that being utilised, stored, or lost. 
Usually it does not sink below the level, 0 '08 to 0‘1 per cent, 
•imr^ rise above 0;18 per cent., the renal thresimid ""value. A: normal h 
individual should’’* however, be able to consume 150-200 grams of,'] 
glucose without any appearing in the urine {i.e. the normal sugar 1 
tolerance). 

The Blood Sugar Curve . — In studying carbohydrate metabolism 
in man it is customary to make a graph of the rise of blood sugar 
following the ingestion of 60 grams of glucose in water flavoured 
with lemon (fig. 167). 


BLOOD SUGAR CURVES 



Fio. 167. — The curves show the effect of taking 50 grams of glucose on the blood sugar of an average 
normal and average diabetic subject. There is, however, considerable individual variation 
since the curve is the result not only of the speed of utilisation of the sugar, but also on its 
speed of absorption from the intestine, and on the dietetic habits of the subject. 

The actual shape of the curve depends largely on his dietetic 
habits. A subject who normally takes large quantities of carbo- 
hydrate has therefore a comparatively small and , short-lived rise, 
of blood sugar. 

Estimation of Blood Sugar.— D iq method of McLean which is 
much used consists in principle in the precipitation and removal of 
the protein bj^ heat and colloidal iron. The filtrate is boiled with 
alkaline copper salt solution containing also potassium iodide and 
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, iodate. The sugar reduces the copper which is re-oxidised by the 
iodine. The determination by titration with sodium thiosulphate 
of the iodine used gives the amount of copper reduced and thus of 
the glucose present. 

If there is excessive utilisation of glucose by the muscles, or the 
blood sugar falls from any other cause, the body calls on its reserve 
of carbohydrate, stored in the form of glycogen, especially that of 
the ^mr, to maintain the blood sugar level.i^y ■ o- 
vxHyperglycsemi^ (ffigh ^jood-Sugar);— This occurs whenever the 
amounit of sugar absorbedls in excess of that utilised or stored, and 
m^be'2pro(^ced"in'a lafge variety of ways. It occurs, /as we have 
seen,) if the pahcrFasTs^out. of action and the earbohydrate utilisation ■ 
is reduced, if excessively large quantities of carbohydrate are eaten or 
when more sugar is mobihsed than is actually used. This latter 
hyperglycsemia depends on the presence of a glycogen-laden hver. 

" ^Glycosuria. — This results whenever there .is a hyperglycosmia 
blood sugar a^}ove~llaB''Yen'ffl''thrlsKold which commonly varies 
■I’ in different individuals from O’lO to 0'20 per cent. In being 
excreted the sugar takes with it a. large amount of water; thei 
glycosuria is therefore accompanied by a polyuria (increased j 
production of urine). A few otherwise normal persons have a ’ 
so-called renal glycosuria, because of a lowered renal threshold, but 
the condition 'is not serious. Experimentally, this threshold can 
be lowered by the injection of pMoridzin. This glucoside acts 
apparently by impairing the normal • function of the Iddney, since, 
if the kidneys are tied off, the blood sugar instead of falling rises. 
Also, if the substance is injected into one renal artery, sugar appears 
first in the urine of the. same side, thus .showing the local action ofj 
the drug on the kidney. This is believed to be a poisoning of- , 
the phosphorylating mechanism of the tubules upon which the'. ./' 
reabsorption of sugar depends. It must, however, be realised that 
the term “ renal threshold ” is a convenient one which depends on , 
two factors, the permeability of the capillaries of the kidney)' 
glomeruli, and the power of absorption by the renal tubules. IM„i 
diabetes mqre_ sugar is filtered, off than the tubules can reabsorb. 
(See the Function of the Kidney Tubules.) As a result of the fall 
of blood sugar the glycogen of the liver is depleted and later 
sugar is made from protein to maintain its level in the blood. 

The Mohilisation of G-lucose (Glycogenolysis). — It has long 
been known that the amount of glycogen_in_a.muscle_ diminishes if 
it is made to contract, and that immediately after .severe exercise 
the blood sugar is high, and there may even be glycosuria. Further, 
it is found that in severe muscular work the respiratory quotient 
over the total period of the work is nearly unity, indicating that more 
carbohydrate has been consumed. It is, therefore, to be expected 
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that a mechanism for the rapid mobilisation of, glucose exists and, 
indeed, much_of,..the-older--workdn relation to glycosuria, as we now 
realise, .supports this view. ' , ' ' *■ ' 

The essential facts were first made out by Claude Bernard, to 
whose work we have already referred. These observations have 
been ^ amply confirmed by the work of Mann and Magath, who 
have shown that many procedures which cause an increase in blood 
sugar, e.g. the production of asphyxia or the injection of adrenaline, 
fail to do so if the liver has been previously removed. 

This mobilisation of glucose, accompanied by the reduction of liver 
glycogen, takes place not only in exercise, but also when a fall of 
blood sugar is produced experimentally by the injection of insulin 
which, as we .have seen, causes a transference of the sugar to the 
muscles. Once . glycogen has been transferred to the muscles it 
apparently ceases to be available for use by any other organ, even 
in starvation (Cori). 

. The actual glycogenolysis, or glycogen breakdown, is a hydrolytic j 
process, like. the breakdown of starch, brought about through"'the ’ 
agency of two enzymes. The first, phoisphorylase, in the presence j 
of its co-en z_Yine adenylic ..acid causes tKe ”"^yc6gen to take upj 
phosphoric acid with the formation of glucose-phosphate, from 
which glucose is liberated through the agency of the second enzyme, ' 
phosphatase. The reaction is governed largely by the amount of 
the reacting” substance present and by the hydrogen-ion concentra- 
tion of the medium in which it acts. Tt is most active just on j 
the acid side of neutra,lity. The enzymes may be looked upon 
as" being responsible for the breakdown of glycogen, which occurs 
rapidly at death, and as facilitating that which, as we shall see, 
occurs in asphyxia. 

The glycogen in the muscles is converted, not .i nto g lucose like 
that in the liver, but into, lactic acid, thus probably saving two I 
stages in the breakdown process. The chemistry of the processes 
is discussed in relation to Oxidation of the Carbohydrates. 

The total glycogen reserve of the body is |]calculated at about 
400 g nys. in a well-fed man ; ' that is sufficient to produce about 
2000 calories or sufficient energy for half a day’s moderate physical 
work. 

The Causes of' Mohilisation. — This has -been investigated 
largely , by studying the various procedures which cause' hyper- 
glycEemia and glycosuria. It might be expected from what has 
been said that the , mobilisation is under sympathetic pontrohjind 
there is a certain amount of evidence to' indicate thii. This -view 
would appear to be supported by the classical experiments of Claude 
Bernard, who found tW^puncture of the floor of , the 4th ventricle 
resulted in glycosuria, and that this did not occur if the nerve path- 

. Q 
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^ays between this point and the liver were cut. Unfortunately, these 
experiments tend to he complicated by interference with respiration 
and a fall of blood-pressure, which themselves affect the blood' sugar, 
and they are therefore not so conclusive as a-t first thought. 

V. Stimulation of the splanchnic and hepatic nerves also causes 
V. hyperglycEemia, but Macleod suggests that this result is ,due to the 
V stimulation of the suprarenal glands and the ’ outpouring of 
adrenaline, since he found that if these glands were removed 
the hyperglycsemia no longer occurred. On the other hand, it has 
been found that if the hepatic nerves are cut, splanchnic stimu- 
lation no longer causes hyperglycsemia, a fact which indicates 
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intimate' nervous influences. . The exact control is, therefore, still 
a matter for decision. That the mobilisation of glucose” is under 
sympathetic control appears certain and the view is supported by 
the fact that a very large number of „ conditions which increase 
sympathetic activity generally cause hyperglycemia. Of special 
1 importance is the action of. adrenaline (extract of suprarenal gland) 
I which, when injected, causes a hyperglycemia by reducing the 
Iglycogen content of the liver. It also converts the glycogen of the 
muscles into lactic acid, which is then converted into glucose by 
the liver. This does not, however, occur after . the injection of 
ergotamine which paralyses the sympathetic. Asphyxia causes a 
similar hyperglycsemia, and any drug which depresses the respiratory 
centre acts likewise. Similarly, sensory stimulation and, as we have 
said, severe exercise cause hyperglycsemia. 

Mobilisation of glucose from the liver is facilitated by the action 
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of the tliyroid^, as is seen by the fact that feeding with thyroid 
increases the hyperglycsemia produced by adrenaline, and lessens 
the hypoglycsemia caused by insulin. Hyperthyroidism^ in.. man . 
produces hyperglycsemia, and, as we shall“see' so does increased 
activity' ‘of tHe posterior lobe of the pituitary body. 

The recent observation by Houssay that hyperglycsemia does 
not occur if the pituitary body is removed at the same time as 
the pancreas, suggests that this organ has an intimate relation to 
sugar usage. 

Mellitus. — The term diabetes mellit'iis * is given to disease » , 
ol the pancreas, which leads to a typical reduction of capability , to % 

' utilise carbohydrates, with hyperglycsemia and glycosuria as a. result. \- 
The excess of sugar in the urine takes with it water and .brings 
about an excessive production of urine which, together with the 
fuel loss, leads to .greats .thirst , .and ,„_appetite. There is at the 
same time greatly impaired vitality, with increased liability to 
infection. Diabetes may arise from chronic inflammation of the 
pancreas by its being poisoned by various substances, but some cases 
arise so early in life that a congenital abnormality may be suspected. 

Experimentally, a similar result is produced by removal of the 
pancreas. After removal of the organ, the blood sugar may rise 
from its normal 0‘08-0Tl to 0'2-0'4 or more in twenty-four hours. 
Diabetes due to degeneration of the pancreas may also be produced 
by the injection of a number, of substances such as alloxan and 
extracts of the anterior lobe of the pituitary. These methods are 
convenient for experimental use, and are of special interest as some 
cases of diabetes occur which are not responsive to the injection 
of insulin. 

The rise of blood sugar is certainly due to und. errnti lisation, but 
• since in diabetes removal of the liver causes a fall of blood sugar, even 
' if the liver has been previously exhausted of glycogen by starvation 
(Mann and Magath), we must assume that the hyperglyceemia of 
diabetes is in part due to an e_xcessive action of the liver in-forming 
sugar.,. A study of the ratio of dextrose to nitrogen, excreted in the 
urine {D : N mUd) suggests that in the diabetic, sugar is fomed 
fro m pro tern; ^ 

' As "a result of the faulty combustion of carbohydrates, the 
organism uses, fat in excess to provide energy, but it would seem 
that some'^of the ketbh'e hodies produced by the liver are liberated 
faster than they can be used, with the result that a jEatal acidemia 
in ketosis results. (See The Oxidation of Eats.) In the treatment 

* This condition is not to be confused with diabetes insipidus, a disease produced 
by disease or injury to the pituitary body or hypothalamus, characterised by the 
passage of large quantities of very • dilute urine noi containing sugar.. It is 
discussed later. 
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of diabetes glucose is commonly given with the insulin to prevent 
hypoglyciemia, but should the latter ensue it may at once be relieved 
by the administration of glucose, adrenaline, or pituitary extract. 
Modern views on the mechanism of diabetes mellitus are summarised 
by Himsworth, 1939. 

Metabolism of Pats, 

The chemistry of fats has already been considered. 

The Origin of Fats in the Body. — The fats in the body arise 
from two main sources, namely, the jPat. and.also^ the_carbohydrate 
of,.the diet. We have already referred, in relation to the metabolism 
of carbohydrate, to the classical experiment of Lawes and Gilbert, 
who demonstrated that pigs could be fattened on a diet consisting 
chiefly of carbohydrate — barley. They found that the fat formed 
was greatly in excess of the small quantities unavoidably given in 
the food. It was considered by Voit and Pettenkofier that, since 
they could fatten dogs on lean meat, fat was probably formed from 
protein, and bn theoretical grounds this seems possible, since, as we 
know, the non-amino part of amino-acids may be utilised as fuel. 
At the time, the experiments were not accepted as conclusive, because 
the glycogen and fat of even lean meat had not been sufficiently 
considered. The later work of Atkinson, however, supports the 
earlier view, that smaller amounts of protein lead to an accumulation 
of glycogen and in exceptional circumstances feeding on large 
quantities of protein with water and salts may lead to an accumula- 
tion oi fat as well. 

As we have seen in relation to digestion and absorption, .fat 
is taken up by the \dlli partly as fatty acid and glycerol and 
partly also as neutral fat. However absorbed^ it appears in the 
lacteals as neutral fat. Thence it passes by the thoracic duct 
to reach the left innominate vein. Only 60 per cent, of the lat 
taken can, however, be recovered from the thoracic duct and no 
satisfactory account for the remainder has yet been offered. It 
may be stored locally, or may be absorbed into the blood. If the 
latter, it must be removed at once, as the blood fat does not rise 
if the thoracic duct is tied. 

The Blood Pat. — Like the blood sugar, the blood fat rises after 
a meal and may reach a maximum of 2 per-cent, about six hours 
later. A little later there is an increase of the lecithin and 
cholesterol of the blood. In disease, e.g. diabetes mellitus, in which 
fat metabolism is disordered or excessive, the blood fat may rise even 
to ten times the normal maximum. 

How the blood fat is controlled is not clear. It is maintained at 
its normal level in spite of complete starvation for many days, when 
the fall of the PuQ. indicates that fats are the chief source of energy. 



CH. XXXIV.] 


METABOLISM. OF FATS 


485 


The Utilisation of Lipides. — The fat is burnt as fuel, or it is 
stored in the fat depots of the body and acts as reserve stores of 
energy. In the lactating mammal it is secreted in the milk. 

Fat appears also to be a constituent of cells, for even in starvation 
it is never absent and may be stained. Although it may not be 
seen normally it becomes evident microscopically in the pathological 
states known as fatty degeneration. This is sometimes known as 
the constant fat, as distinct from the variable., fat of the depots. 
It is'vaTuahre also as insulating material, and those animals which 
live in cold environments have usually large amounts of sub- 
cutaneous fats. We have already seen that it is the normal vehicle 

'of vitamins A, D, and. E. ' 

'"'The Tnore complex lipides such as the phospholipide lecithin 
(see p. 275) have probably other functions. 

It has been suggested that lecithin is formed from the blood 
fat and that it has special importance in relation to the transport 
of fat in the body (Bloor).. It would be well suited for this 
purpose, as it is the only non-toxic compound of the fatty acids 
which is miscible with water and is easily formed from fatty acids. 
He also suggests that the fat is converted into phospholipide 
before being desaturated. (See Bloor, 1939 ; also Sinclair, 1934.) 
The corpuscles of the blood contain more cholesterol and lecithin 
than the plasma, but it is not known what significance this fact 
may have.' It has been suggested, from observations on the tail 
fat of the tadpole, that the leucocytes have some special function in 
transport, since they have been seen loading and unloading themselves. 
Tt is probably a constituent of all cell membranes and plays a part 
in permeability and surface phenomena. 

The storage of . fat takes place in the liver and in that variety 
of connective tissue known as adipose tissue which occurs specially 
below the skin and in the omentum and mesentery; in the cells 
of adipose tissue the fat is present in the form of large droplets, 
fluid at body temperature. These deposits are known as the fat depots. 

normally, the fat which is built up by an animal is peculiar 
to that animal, but if it ‘is starved and subsequently fed on fat 
unusual to its diet, it may put on fat of another composition. 
The different fats can be readily identified by their melting-points 
and their iodine values. (See Chemistry of Fats.) 

When, therefore, an animal takes a fat different in com- 
position from its own fat, the appropriate fatty acids are added 
or taken away before the fat is deposited. We must presume, 
in the absence of more exact knowledge, that the additional fatty 
acids are specially made for this purpose front the carbohydrates 
of the diet. Munk further discovered the remarkable fact that if 
fatty acids are given as food the chyle contains fat, the glycerol 
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I ha%dng been added by the intestine. Only a limited amount of 
* glycerol -is, however, available for this purpose since if fatty acids 
are given only part is absorbed. The fat which, is made from 
carbohydrate is that peculiar to the animal. 

The normal neutral fat of the depots contains 95 per cent, of 
saturated fatty acids. The liver fat, on the other hand, is usually 
much more unsaturated than that of adipose tissue and this appears 
to be of special significance in the preparation of fat for final 
combustion. (See Drummond, 1933.) 


FOOD 

FAT 



Fio. 169. — Diagrammatic summary of fat metabolism. 


The amount of fat in the liver is greatly reduced by adding 
choline to the diet, but the mechanism of this lipotropic action and 
its significance is unknown. (Best, 1934.) 

This storage of fats in the depots is most important, as fat 
is a most economical form of fuel, or source of potential energy. 
The storage of 100 calories may be effected in a space of 12 c.c. 
of adipose tissue weighing 11 grams, the storage of the same 
amount of potential energy as glycogen is never effected in less 
than ten times that bulk of Ih^er tissue weigliing 130 grams, 
and rarely in less than double this amount. If the formula of 
a fat is compared with that of a carbohydrate, it will be observed 
that fat is relatively deficient in oxygen, and when it has to be 
burnt it requires more oxygen than a carbohydrate. Hence it is 
that a gram of fat has a higher calorific value (9*3) than carbo- 
hydrate (4*1) and that the burning of fat is accompanied by a 
lowering of the respiratory quotient. 
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The fat wliich is stored is quite different from that which is part 
of the make-up of the cells themselves.. The latter is not used up 
even in starvation but is kept available for muscular exercise.- 

The destinations of fat in the body are indicated by fig. 169, 
p. 486. 

The Oxidation of Pats. — Although we know that fats are 
eventually oxidised to carbon difixide and water, the intermediate 
steps are as yet by no means certain. A considerable amount of 
evidence has, however, accumulated to the effect that the long chain 
fatty._ acids" are first oxidised _ to smaner.,.chains. Thus caproic acid 
becomes butyric acid, and so on until COg and HgO are reached. 

P a 

CH 3 . CHj . CHg . CHj . GHg . COOH + 3 Og 

= CH 3 . CHg . CHg . COOH + 2 COg + 2 HgO. 


We may indicate, as suggested by Knoop, the reactions which 
take place in the metabolism of butyric acid thus : — 


P 

CHjCHg 

(1) + o = ch3;choh 

(2) + O = CHgiCO 

(3) + 40 = CHgiCOOH 

(4) + 40 = 2C0g + 2 H 2 O 


CHg 

chI 

ch: 


COOH (butyric acid) 

COOH (,S-hydroxybutyric) 

COOH + HgO (aceto-acetic or diacetic) 
+ 2 COg + 2 HgO (acetic) 


Although, however, this oxidation is shown occurring in stages 
it must be understood that the reactions all occur together. 

That the long chain loses two carbon atoms at once from the end 
where the COOH group is attached (,8-oxidation), is suggested by 
the following experiments. Advantage is taken of the fact that the 
body cannot break down the benzene ring. Am artificial fatty acid 
containing this ring is made and administered to an animal. The 
fatty acid chosen may have an even or an. odd number of carbon 
atoms; one with an odd number is more completely oxidised than 
one with an even number, further oxidation being prevented toy 
the formation of a stable end-product. Thus from a fat with an 
odd number, the end-product benzoic acid (OgHgCOOH) is produced; 
from , a fat with an even number the substance phenylacetic acid 
(OeHg . CHg . COOH) is the end-product. The end-product in each 
instance combines with glycine to form hippuric and phenaceturic 
acid respectively and as such is recognisable in the urine. 

Similarly, Embden and his co-workers have found that in a 
perfused isolated liver, more acetone is produced when fatty acids 
with an even number of carbon atoms 'are added to the blood than 
when one with an odd number is added. This can be explained 
if oxidation results in the removal of two carbon atoms at a time 
from the fatty acid. When only four carbon atoms are left, butync 
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acid is formed and tliis is known to give rise to acetone under these 
conditions, whereas propionic acid, which would be derived in the 
same way from an acid with an uneven number of carbon atoms, does 
not. In this connection it is of interest that the only fats which 
the body is called upon normally to met«abolise have an ^en number. 

It is interesting also to observe that Dakin has found T/hat 
oxidation with hydrogen peroxide (which we know is important in 
biological oxidation) will bring about /3-oxidation in vitro. 

In addition to this type of oxidation it has been shown by 
Leathes and his co-workers that the li ver may convert saturated acids 
Jnto jons^turated ones (desaturation). This process removes'Two' 
hydrogen atbins in the middle ^I IBe chain and makes it more easily 
split into two shorter chains. It thus renders them more liable to 
further oxidation and may represent a preliminary stage in the 
oxidation of fatty acids. (See Leathes and Eaper, 1924.) 

Ketosis. — ^This condition, we have seen, may^occur in diabetes 
mellitus when the tissues are unable to utilise glucose as a source of 
energy to the normal extent. It is so-called because of the appear- 
Jance of keto-bodies in the blood and urine, that is of bodies like 
i acetone having a CO-group. In this condition the blood fat may rise 
to 20 per cent. The exact mechanism of the production of the 
ketone bodies is a matter of debate. Until recently it has been 
accepted that when the four-carbon stage is reached (butyric 
acid) by successive oxidations in the ^ position, further oxidation 
appears to be more difficult and to depend in some way on the 
simultaneous combustion of carbohydrates. If the combustion is 
deficient as in diabetes, the oxidation of the butyric acid instead of 
proceeding completely to carbon dioxide and water stops or is delayed 
at the stages of /3-hydroxybutyric acid and aceto-acetic acid. The 
latter, OH3. CO. CH2. COOH, readily loses 00.^ forming acetone 
CH3.CO.CH3. 

In this scheme, however, the odd-numbered fatty acids could 
not give rise to ketone bodies, but it has now been shown by 
Jowett and Quastel that such bodies are made to a small extent 
by slices of liver from fatty acids with an odd number of carbon 
atoms, e.g. valeric (C^Hj^COOH) and heptoic (C^H^gCOOH) acids. 
McKay and his colleagues have obtained similar results. A more 
probable view has been put forward, namely, that the ketone bodies 
are the condensation products of acetic acid molecules which occur 
during normal oxidation of fat, leaving propionic acid residues 
(in the case of the odd numbered chains) which condense to form 
sugar. The feeding of propionic acid* alone results in glycogen 
being laid down in the liver without ketosis. Acetic acid has also 

* Propionic acid, CjH.COOPI, is the next fatty acid beJow butyric, C3H-COOH. 
(See p. 271.) 
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been shown to increase to a small extent-.the production of aceto- 
aeetic acid by- slices of- liver tissue. On the other hand, acetic acid 
has never been shown to be a product of the -normal breakdown 
of fatty, acids. 

The most, probable view is, then, that ketosis is due to an^ 
excessive breakdown of fat (Soskin and Levine) and carbohydrates t 
prevent it by building up the liver glycogen and • reducing the! 
importance of fat as a substance for oxidation. This* view gains 
support from the fact that it has never been possible to relate 
quantitatively the amount of ketosis to the amount of fat and 
carbohydrate actually burnt, nor has it ever been found that there 
is. any faulty mechanism of /3-hydroxybutyric or aceto-acetic acids 
in the peripheral tissues. It probably explains, too, why ketosis [ 
‘ in a fat dog is greater than in a lean one (Best), and why ketosis I 
occurs in starvation. 

The ketone bodies are most important in disease. Aceto-acetic 
acid is particularly toxic, it -is thought, because of the enolic form 
CHs — 0(0H) = GH — COOH in which it may occur. It is a general 
nervous depressant first causing unconsciousness or coma and, 
eventu^ly death from paralysis of the respiratory centre. This 
danger isTeduced by the administration of carbohydrates together 
with insulin. 

The presence of acetone, which gives the breath and urine the char- 
acteristic apple-lik'e, odour, is not necessarily of serious significance. 

It is a remarkable fact that some individuals can consume a 
very high fat diet, and hibernating animals use their fat without 
evidence of ketosis, while patients suffering from urinary infections 
and put' on a ketogenic diet of much fat to make the urine acid 
and anti-bacterial do not remain ketotic for more than a few weeks. 
This has not yet been satisfactorily explained, but there is evidence 
that in subjects' suffering from obesity, successive periods of 
starvation cause ketosis in a diminishing degree (Tolin and Denis), 
a fact which suggests that the body can become more and more| 
capable of using fat. 

Enzymes in Pat Metabolism. — ^Esterases, since they hydrolyse 
esters and are present in many tissues, probably play a part in 
assisting in hydrolysis and synthesis of fat; the reaction which 
they bring about being reversible and the requirement of the 
body determining the direction. 

• The Essential Patty Acids. — Some fatty acids, linoleic, linolenic, 

and arachidonic, are necessary for the proper growth and sldn health 
of rats, but no clear-cut cases of the deficiency in man have been' 
described. 
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protein during tissue' wastage and that every living tissue is 
periodically replaced. These amino-acids are dealt with in exactly, 
the same way as those of the diet, but as would be expected 
such protein metabolism does not, vary in amount like that of 
the diet. 

Folin has classified protein metabolism on this basis. Metabolism 
which is closely related . to the synthesis and ' breakdown of body 
tissue is called endogenous, while that not so related is called 
exogenous. 

The products of exogenous metabolism in the urine are those 
which vary with the diet. Those of endogenous metabolism are 
unaltered by a diet rich or poor in protein, since they depend on 
the constant breakdown of the tissues of the body and are creatinine, 
neu tral s^uljpbur, and a small,. quantity., of urea, and uric.'Xcid. In 
conditions of excessive tissue breakdown, e.g. during involution of^ 
the uterus and in fever, the creatinine is much increased. - It should? 
be noted that the products of endogenous metabolism go directly f- 
to the kidney without passing to the liver. Ingested neutral sulphur,' 
e.g. cystine, becomes oxidised to inorganic sulphur in that organ. 

In the liver, as we have said, the amino-acids are deaminated, 
that is, they lose their NHg groups. Dudley and Dakin have 
suggested that this is probably the result of simple dissociation 
in which the acid is broken down to ammonia and aldehydes, 
a reaction possibly accelerated by enzymes but certainly not 
requiring much oxygen. 

The process of deamination is the first in the formation of 
urea. The subsequent stages have been the subject of a considerable 
amount of research. 

It was shown, for example, by Schroder in 1882 that ammonium 

carbonate, 0 = C<^ if perfused through the liver, was con- 

verted into urea, and it has therefore been considered 'that this 
substance is probably an intermediate stage- in the formation of 
urea normally. The feeding of ammonium' carbonate to animals 
also causes an increase in the excretion of urea. This does not prove, 
as was first thought, that ammonium carbonate is a necessary 
precursor of urea but only that it can be a source of COg and NH 3 
for its formation. _ - . 

Because of this it used to be considered that the formula of 

urea was 0 = C\' , but "Werner has pointed out that urea 

forms only one salt with nitric acid and not two, which would be 
the case if there were two basic (NH 2 ) groups in .the molecule, and 
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can be easily eliminated or from which, as we shall see, ammonia , 
is very readily available* when it is necessary to neutralise acid 
products in the blood. This neutralisation takes place in the 
kidney. (See Ammonia in the Urine.) 

The' process of upa fo rmation takes p lace in th e l ive r, and if an U.. 
Eck fistula is made~(i.e., the "portal vein is joined to the vena cava) / 
so that the liver is short-circuited, no urea is formed. Mann and J 
Magath have shown that removal of the liver causes a steady 
decrease of the urea in the blood and urine, provided urine secretion 

SCHEME OF PROTEIN METABOLISM 
[Exogenous Metabotism|I 


PROTEIN OF DIET 



continues. If the flow of urine ceases or the kidneys are removed, 
the blood urea remains constant, indicating that urea is not destroyed . 
in the body. The liver is, however, not the only site of deamination, 
indeed deaminising enzymes are found in many tissues. Older 
experiments with the Eck fistula showed an accumulation of ammonia' 
in the blood and indicated that deamination might take place in 
other tissues. It has now been shown that the d-amino-acids are 
deaminised in the kidney. It has also been found that ammonia is 
formed by an asphyxiated heart-lung preparation. 

The urea formed in the liver passes into the blood-stream and 
thence by way of the kidney into the urine. 

The reverse process, of making ammonia^from urea, also takes 
place in the kidney. This is dealt with further in relation to the 
ammonia of the urine. 

The Pate of the Non- Amino Fraction. — What remains of the 
amino-acids after deamination is oxidised to Im tonic ac ids and some 
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subsequently to hydroxy-acids, such as lactic acid, for final oxidation. 
Some, such as alanine or glycine, may be converted through glucose 
into fat or oxidised according, to the requirements of the body; 
others, like leucine and tyrosine, may yield acetone bodies. 

In certain circumstances such as in diabetes or starvation, protein 
may become an important source of carbohydrate and body fuel. 

Other products of protein metabolism are excreted in the 
urine. Of these the sulphates are the most important, and since 
almost all proteins contain the sulphur containing amino-acids 
such as cystine the sulphates in the urine may, like the nitrogen 
excreted, be taken as an indication of the amount of protein 
metabolism. (See Lewis, 1924.) 

The various destinations of protein are indicated conveniently 
in the above schema. 

Purine Metabolism. 

We have yet to consider the metabolism of the special group 
of proteins called mioleorprnteins. As the name suggests, these 
compounds contain nucleic acid, a complex organic acid con- 
taining phosphorus, which is found widely distributed in animal 
_ and vegetable tissues. It is an important constituent of nuclei and 
is, therefore, present in quantity in cellular organs such as the liver, 
thjnnus, pancreas, lymphatic glands, and testes. Moreover, in man, 
it is thejprecursor of uric acid, and a study of its metabolism is 
therefore of importance. 

During digestion thenucleo-proteins undergo a variety of changes 
which primarily break them up thus : — 

nucleo-protein 

4^ (^y gastric juice) 

protein 4* nuclein 

(by gastric digestion) (by pancreatic juice) 

peptone nucleic acid -f protein. 

The nucleic acid is split into constituent nucleotides by the. 
nuclease of the. intestinal juice and wall, the final end-products which 
"pass into tlie blood are amino-acids, from the protein part, and 
purines, pyrimidines, phosphoric acid, and hexose (or pentose), from 
the nucleic acid. The constitution of purine is 

(1) N = OH (6) 

(2) HO (5)0 NH (7) 

I i| 

(3) N C N 

(4) (9) 

Tlic purine ring is shown in dark letters. 
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or more simply • yH (2) 

Pu^H (6) 

( 8 ) 

where Pu represents the purine ring and the numbers indicate the position 
of the substituting groups. 

• The more important purines (nucleotides) from our point of view 
are adenine and guanine, whose simpler formulae are respectively 

> /H (2) /NH, (2) 

Pu^NH„ (6) and Pu^OH- (6) 

\H (8) \H (8) 

These two compounds, after absorption from the intestine, pass 
to the liver and other tissues, where - they are deaminised in much. 
the same manner as amino-acids, by -the respective^lfecMTunases 
adenase and guanase. Adenine, under these conditions, yields, 
hypoxanthine, or 6-oxy-purine 

/H (2) 

Pu^OH (6) 

\h (8) 

while guanine yields xanthine or 2, 6-dioxy-purine 

yOH (2) 

Pu^OH (6) 

\h (8) • 

Hypoxanthine and xanthine'are then oxidised with the formation 
of aric acid, 2, 6, 8 — trioxy-purine, 

/OH (^) 

Pu^OH (6) 

\OH (8) 

which is excreted in the urine as sodium and potassium salts. 

WhileAihe changes thus described are taking place in the liver, 
the nucleic acid, which is a constituent of all cells, also suffers 
similar changes. Hence the uric acid, which finally appears in the 
urine, is partly endogenous in character, and partly exogenous. 

While in man the uric acid so formed is excreted as such, yet 
many mammals, particularly the dog, are able to carry the process 
of oxidation one stage further, with the result that one of the 
purine rings is broken and allantoin is formed. In the urine of 
these animals allantoin thus largely replaces uric acid. In other 
mammals again, the allantoin so formed appears to be broken up 
with the ultimate formation of urea. 
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For our present purpose we might summarise the above changes 
simply, thus : — 


Nucleo-Protein 
of tissues 

I 

i 

nucleic acids 

'I' 

purine bases 

I 


Nucleo-Protein 
of food 




'I' 

adenine 

(by adenase) 

'I' 

hypoxanthinc 4- O- 


I 

ani] 

(by guanasQ) 

.i ^ 

xanthine + O 

I 


Uric Acid (mail) 

(by nricase) 

I 

allantoin (dog) 

urea (other mammals) 


. The mode of excretion of nric acid in man is dealt with under 
Urine ” 

It is of interest that the chief nitrogenous constituent of birds’ 
urine is uric acid, and here the uric acid appears to be built up in the 
liver from the urea produced during the or^nary processes of protein 
metabolism. That such a synthesis takes place in the bird can be 
shown by cutting out the liver from the circulation. Under these 
conditions it is found that ammonium lactate accumulates in its blood. 
(Jones, 1920; Rose, 1923; also Levine and Base, 1931.) ^ 

The functior of nucleic acids and their derivatives is becoming 
a subject of increasing importance, and is discussed by Drury, 1936. 
\ Some of these, such as adenosine triphosphate, are intense vaso- 
] dilators as shown by Rleisch. There seems little doubt that the 
substances contained in nuclei are of the greatest importance in 
controlling the activity of cells. (See Needham, ,1925.) 


The Essential Amino-Acids and Protein Synthesis. 

The study of protein digestion and subsequent metabolism 
indicates how the organism can construct the proteins peculiar to 
itself and maintain its chemical individuality, although the proteins 
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taken vary so widely in composition, especially in regard to their 
amino-acid content. - , 

The evidence 'indicates that in the first instance the organism 
breaks down all foreign. proteins into their constituent amino-acids, 
and subsequently uses such amino-acids as it requires to build 
up. its own protein. ' ' 

• In the making of animal proteins, however, ten essential 
amino-acids appear to be more important than others for certain 
animals. Some can be made apparently by the animal from 
simpler substances but others must be supplied, at least to carnivorous 
animals. 

The ten essential amino-acids are : — 

^ ■ Methionine 
I Phenylalanine 
I Threonine 
> Tryptophan 
Valine, 

and from these the other amino-acids may he made. , " 

By feeding animals on diets deficient in different amino-acids 
it has been possible to obtain accurate information on the subject. 
This has been done especially by Hopkins, Osborne, Mendel, 
Eose, Sherman, and many others, and it is of interest to recall that 
it was such experiments also which led to the discovery of 
vitamins. ■ - ■ 

In the young animal the choice of diet is more important than 
in the old, which appears to have 'a greater power of synthesis as . 
it has less power of growth. . 

In this connection then the amino-acid content of proteins 
is of the utmost importance. -Some proteins such as gelatine 
contain no tyrosine or tryptophan. Zein, the protein of maize, 
contains no tryptophan, lysine, or glycine. Casein, the" protein of - 
milk, contains no glycine and little cystine. • G-liadin, the protein 
of wheat, has no glycine or phosphorus. Purines are absent from 
caseinogen, gliadin and edestin. 

Young rats thrived on all these proteins, but a puppy would not 
thrive on gliadin as its only source of nitrogen, although its mother 
thrived excellently and was able to produce and nurture her young 
normally. . ! . . 

By such experiments, it has been found that lysine, histidine, 
and arginine are essential for growth, but growth takes place 
more rapidly if cystine is present also in the diet. Tryptophan 
is essential for life and for the maintenance of body-weight, while 
tyrosine, is very important, probably because some of the substances 
(such as the hormones, adrenaline and thyroxine) which control 
many bodily activities are derived from it. . Tyrosine may, however. 


I Arginine 
? Histidine 
i Isoleucine 
[ Leucine , 
t Lysine 
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be absent if tryptophan or some of the other aromatic amino-acids, 
especially phenylalanine, are present. It has become apparent that | 
an amino-acid essential for growth is not necessarily essential for > 
maintenance. Glycine is, however, not essential as it can be easily 
synthesised by the organism. Lysine can be made by adults but not 
by the }'oung, at least in adequate amounts for growth. A deficiency 
in arginine can be compensated for by giving extra histidine, but not 
the reverse. Similarly, cystine can be dispensed with if methionine 
is present. It is claimed that a-amino-/3-hydroxy-n-butyric acid is 
essential (Eose). 

Many experiments have been made to try to get animals and 
moulds to take up abnormal amino-acids, but it "has always been 
found that the protein of living organisms is constant in composition 
and independent of the food given. 

The supply of essential amino-acids is specially important when 
tissue has to be built up, e.g. in the yoimg, in pregnancy, lactation, 
and in recovery from wasting disease, or following a period of 
undernourishment. 

A knowledge of amino-acids is then of the greatest importance 
in the construction of dietaries and it becomes evident that many 
articles of diet are' more complete than others so far as amino-acids 
are concerned, depending on the amount of each they contain.' 

For growth, eggs and milk are specially valuable although the 
latter is deficient in iron. For general purposes the following is the 
order of merit— eggs, milk, meat, whole wheat, potato, oats, corn, 
white flour and beans. The reader should at this stage consult the 
table given earlier in relation to the constitution of proteins. 

Special Protein Metabolism. — In addition to the processes 
described above, which concern the nitrogen of the protein molecule, 
the body has certain special mechanisms to deal with any other 
elements in proteins such as sulphur or phosphorus. The method 
of excretion of the surplus intake of such elements is dealt with in 
the chapter on Urine. 

It is the necessity for the essential amino acids which probably 
explains why the normal animal takes in amounts of protein so_ 
greatl}- in e.xcess of what is needed to maintain its- nitrogen loss' 
(see below). 

Protein Storage. — There is no evidence that the body stores" 
protein in the sense that it may store carbohydrates or fat to an; 
almost unlimited extent. There is, however, eiddence that there 
are stores of pro.tein for special purposes, for after htemorrhage it 
has been found that the blood proteins are rapidly made up,, 
apparently from the liver, for this does not occur if the liver is 
removed, and food does not appear to be essential. (Beattie, 1943.) 
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The term " starvation ” is used very loosely. ■ In a scientific sense 
it may be taken to include any deficiency in the food or water intake, 
but .by convention it is understood as meaning complete deprivation 
of food, water only being supplied. In man it is possible to study 
the subject in some detail, since laf ter the first three or fourjiays 
the desire for food disappears although the subject becomes weak. 

During starvation the body gradually loses weight; the basal 
metabolism and temperature, after a preliminary rise, fall ; the 
■ functions get weaker by degrees, and ultimately death ensues 
when the body has lost about 50 per cent, of its original weight.. 
Death may be delayed somewhat by artificial warmth, so that the 
strain on the internal production of heat is not so great. If water 
is given, life may continue for rather more than a month. The 
age of the animal influences the time at which death occurs. 
j'^Chis statement was originally made by Hippocrates, and has been 
borne out by the experiments of Martigny and Ohossafe Young 
animals lose weight more quickly, and die after a smaller loss of 
weight than old. 

At first (one to three days) stores of carbohydrate, especially the 
liver glycogen, are burnt, but this-store is limited and the body uses 
it sparingly. The muscles do not lose their glycogen appreciably | 
and the heart not at all. Subsequently fat becomes the chief source I 
of energy as is seen by the fall in the respiratory quotient almost 
to 0'7. As might be expected, the combustion of fat is inbomplete 
and acid products are excreted in the urine. 

The blood sugar also falls, but later, for some unexplained reason,' . 
it rises again, po_ssibly because of the conversion of fat into carbo- 
hydrate. It should be noted that the fat which is used is that 
of the fat depots and not the fat which is a part of the structure of 
practically all cells. 

The utilisation of protein is seen in the nitrogen excretion in 
the urine. . 

The excretion of nitrogen falls quickly at the commencement of 
starvation, and even on the first day sinks to half the normal, Jike 
that of a subject on a low protein diet. This lessening goes on 
for a few days, after, which it remains constant ; about the end of 
the fourth week it rises again when the fat of the animal has been 
used up, and the body makes' an increased call on the- protein . 
constituents of its protoplasm — “ the premortal rise.” With the onset 
of symptoms of approaching death, which is sometinies accompanied 
by convulsions, the excretion of nitrogen rapidly falls again, probably 
owing to renal failure. 

The metabolic rate falls, but it is important to note that wasting 
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does not occur to an equal extent in all the tissues and organs. 
Those which are most essential to hfe are fed at the expense of 
the' others; thus the heart loses little or none, and the central 
nervous system loses at most 3 per cent, of its weight. The fat 
nearly ail disappears, at least 97 per cent, of it being used tip; 
muscles lose 30 per cent, of their original weight, and most of the 
other organs suffer also but in varying degrees. 'Taking the total 
loss as 100, Voit gives the loss due to that of individual organs 
as follows : — 


Bone . 

. 5*4 

Pancreas . 

. 0-1 

Brain and cord . 

0*1 

Muscle 

. 42*2 

Lungs 

. 0-3 

Skin and hair . 

8*8 

Liver. 

. 4 8 

Heart 

. O'O 

Fat . 

26*2 

Kidneys ^ 

. 0-6 ' 

Testes 

. OT 

Blood 

3*7 

Spleen 

. 0-6 

Intestines . 

. 2*0 

Other parts 

5*0 


The subject of fasting is well discussed by Graham Lusk, 1921, 
and by Morgulis, 1923. 

The study of starvation is important, as it gives information 
regarding the so-called nitrogen equilibrium, or balance between 
nitrogen output and intake of . the body. It is"~f6und that in 
Sirhivora',' in ' order to make the nitrogen intake equal to that 
excreted, about three times the amount excreted in starvation has 
to be given, but in man nitrogen equilibrium can never be attained 
on prot e in al one! '~TIie' more nitrogenous food given, the more is 
utilis^7^^<i excretion always exceeds the intake. The additional 
protein is really used as fuel to supply the essential energy require- 
ments and does not prevent tissue wastage. The fuel requirements 
are actually increased by the protein itself in vktue of its specific 
dynamic action {q.v.) on metabolism. The fuel can, indeed, be more 
adequately supplied by carbohydrates and fats, -which may be 
looked upon, therefore, as protein-sparers, and, if these are given, 
nitrogen equilibrium is possible in man and is more readily produced 
in carnivora than in their absence. Carbohydrates are better protein- 
sparers than fats, since they are more readily oxidised. They will 
therefore reduce tissue wastage in starvation. It is suggested that 
the protein-sparers make it possible for the products of tissue break- 
down to be used over again, and the importance of carbohydrate in 
the diet during repair is emphasised. ' In emergencies a remarkable 
interconversion of the major foodstuffs can occur. (See Kapport, 
1930.)' 

The Biological Value of Proteins. — When we take in protein 
we do so essentially to replace tissue wastage, and there is, therefore, 
a certain irreducible, protein minimtim below w'hich the protein 
intake cannot be reduced without affecting the nitrogenous equi- 
librium. It has been found that certain sources of protein, ep. 
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meat, eggs and milk, haVe a much greater value than others, as 
is shown by the fact that less of their protein is required to 
maintain nitrogenous equilibrium than of vegetable. These sub- 
stances are said, therefore, to have the highest biological value, 
and it will be noticed that they are of animaLorigin. It is probable 
that this value depends on the amino-acids which they contain; and 
the vita min s commonly associated with them. We have already 
' noted that in the construction of dietaries such articles are designated 
as “first-class” proteins since they maintain young animals at a 
maximum rate of growth. / 


/ 



CHAPTEE XXXY 


THE LIVEE 

The Liver, the largest gland in the body, is an' extremely vascular 
organ, and receives its supply of blood from two sources, viz., 
from the portal vein and from the hepatic artery, while the blood 
is returned from it into the inferior vena cava by the hepatic veins. 



Fiq. 171. — Diagram of tho liver with the gall -hi adder below it. 


Its secretion, the hilc, is conveyed from it by the hepatic duct, either 
'directly into the intestine, or, when digestion is not going on, into 
the cystic duct, and thence into the gall-bladder, where it accumulates 
until required. 

.yThe liver is in origin a tubular gland, but as development pro- 
gresses it soon loses all resemblance to the tubular glands found 
elsewhere. It is made up of small roundish or oval portions called 
lohdes, each of which is about -oV of an inch (rather more than 1 mm.) 
in diameter, and composed of the liver cells, between which the 
blood-vessels and bile-vessels ramify. The hepatic cells, which form 
the glandular or secreting part of the liver, are of. a spheroidal 
form, but are rendered polygonal from mutual pressure. Each 
possesses a nucleus, sometimes two. The cell protoplasm contains 
numerous fatty particles, as well as a variable amount o f glycogen. 
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The portal vein (PV), hepatic artery (HA), and hepatic duct 
(BD) run in company (fig. 172). Punning together through the 
substance of the liver, they are contained in small channels called 
portal canals, their immediate investment being a sheath of areolar 
tissue continuous with Glisson’s capsule which coats the liver., 

In its course through the liver the portal vein gives off smn.n 
branches winch divide and subdivide hehveen the lobules surrounding 



them, and, limiting them, and from this circumstance are called inter- 
lobular veins. Prom these vessels a dense capillary network is 
prolonged into the substance of the lobule, and tliis network con- 
verges to a single small vein, occupying the centre of the lobule 
(CV in fig. 172), and hence called m^?’a-lobular. 

The' mira-lol 3 ular veins discharge their contents into veins called 
stt6-lobular ; these, by their union, form the main tributaries of the 
hepatic veins, which leave the posterior border of the liver to end 
by two or three principal trunks in the inferior vena cava, just 
before its passage through the diaphragm. 
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The endothelial lining of the liver capillaries appears to be in 
many places incomplete, and its cells are irregularly branched and 
more or less isolated from their neighbours. They are called the 
stellate cells of^ upffer. More detailed study and special stains 
indicate that the endothelial lining is really continuous (Berry and 
Gilding) and that the blood does not come into direct contact with 
the liver cells as once thought. 

The hepatic artery, the chief function of which is to distribute 
blood for nutrition to Glisson's capsule, the walls of the ducts and 
blood-vessels, and other' parts of the liver, is distributed in a very 
similar manner to the portal vein, its blood being returned by small 
branches which pass into the capillary plexus of the lobules which 
connects the inicT- and m^ra-lobular veins. ' 

The bile-duct divides and subdivides in a manner like the portal 
vein, the larger branches being lined by columnar, and the smaller 
by small polygonal celled epithehum. 

The bile capillaries commence between the hepatic cells; they 
are alwa ys bounded by hepatic cells on all sides, and are thus 
separated from the nearest blood-vessel by a/t least the breadth of 
one cell. The bile capillary corresponds to the lumen of a test-tube 
composed of cells, vessels being on the outside. ' 

The tTi^er-cellular network of bile capillaries may be shown 
(Chrzonszezewsky) by injectiag intravenously a saturated aqueous 
^ solution of sulph-indigotate of soda. The animals are killed an hour 
and a half afterwards, and the blood-vessels, washed free from blood, 
are injected with gelatin stained with carmine. The bile-ducts are 
then seen fiUed with’' blue, and the blood-vessels with red material. 
If the animals are killed sooner than this, the indigo pigment is foimd 
within the hepatic cells, thus showing that it is through their agency 
that the canals are filled 

Pfliiger and Kupffer later discovered that the relation between the 
hepatic cells and the bile canaliculi is even more intimate, for they 
demonstrated the existence of vacuoles in the cells communicating 
by minute m^ra-cellular channels with the adjoining bile canaliculi. 

/TzYra-cHlulSFcanaliculi in the liver-cells are not unique. Eecent 
research by Golgi's method has shown that in the salivary and 
gastric glands, and in the pancreas, there is a similar condition. 

Schafer has further demonstrated that the liver-cells contain not 


only the intracellular bile canaliculi, but also intracellular blood canali- 
culi passing into the cells from the capillaries (sinusoids) between them. 
These are too minute to admit blood-corpuscles. The liver-cells take 
certain materials from the plasma and elaborate the constituents of the 
] bile, the bile salts, and the bile pigments. . These substances are in 
\ part formed b}' the hepatic cells, and in part are modified by the liver 


I after having been manufactured elsewhere, e,g. bile pigments (see 
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Blood). We thus see that in the liver, lymph does not act 
intermediary as it does in the formation of other secretions. 


;. .pup 
as an 


The functions of the liver have of recent years been greatly 
elucidated by the work of Mann and Magath, who have successfully 
removed the organ in dogs by first causing to be established a 
collateral circulation through the azygos and internal mammary 
veins. Since the relation of the liver to metabolism is dealt with 


under' Intermediate Metabolism, the main facts,.,together with* the. 
'effects of extirpation, need only be suinmarised.^?' 
v^JLlFlie .Functions of the Liwer.— Tj^e liver,(as we have see;l, plays 
an iuiportant part in tKS'^iilTer^'diate metabolism of carbohydrate, 
fat, and protein, 

(; Garholiydrate Jiete&oWsni.— ^he-StDrage_Qf_glycpgen.and mobilisa-' 
tion of glucose (pp. 480 et se 2 '.).^'iThe conversion of fructose and galactose 
in.to_glucose/(2\In starvation the formation of glucose from proteinij 
-y^Kemovai of the liver causes a marked hypoglycsemia, producing 
general loss of all fxmctions, and death ensues in two hours. If, 
however, glucose is administered the animal makes a remarkable 
recovery and survives for twenty-four hours. These results occur < 
even after the glycogen of the hver has been removed by previous 
starvation, thus showing that it has been in such circumstances" 
concerned in the formation of glucose probably from protein. (Seoj 
Mann and Magath, 1927.) 

Fat Metaholism.- — The desaturatipn of fats prior to oxidation 
(p. 488)! “vi- ■ -A'-’ V • I '' ' 'Y )| ' 

i;; Protein Metaholism. — ^Beamination of amino-acids,^' formation of 
.urea and uyic acid feee Protein Metabolism and Purine Metabolism).^ 

Bile .Fdrma^ibii.^^-^emoval of liver, like obstruction of its ducts', 
causes the accumulation of bile pigment in the blood as the pigment 
which is the product of the breakdown of fed blood-corpuscles is no 
longer excreted (see The Pate of Eed Blood-Corpuscles), j 

Detoxicating FSmction. — The liver plays an important part in 
dealing with poisonous substances, ap. drugs, absorbed from the 
alimentary canal. XThis function of the liver is dealt with at the 
end of this chapter! Sf-W''''-'!'' •• • c--f i-j 

Blood Formation. — The liver is concerned with the formation of 
Troth the plasnia and corpuscles of the blood. It apparently acts 
.as_a_.'storehouse of the blood-forming factor which is formed from 
the interaction of intrinsic factor of the gastric juice and the food. 
Extracts of liver are therefore extensively used in the treatment 
of pernicious anasmia in which the formation of red blood-corpuscles 
isMef^tive. . The liver stores the iron from effete corpuscle^. 
^!$Dhemvfe'^also form s fibrin ogen, the clotting protein of the blood, 
jand acts as a storehouse of it which can be called upon ^ in 
i.V>t»mr\ri’lincr« Fnr this fnnn.troTi vitamin K is necessai’V. 
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JHeparinrthe substance which in minute amounts will - prevent^' 
'' the blood from clotting may, as its name suggests, be extracted fromy' 
the liver.. It is .^parently produced by the mast- cells, of tlie^ 
,,^^.i-^opnectiye_^SSue.^-'^-i.;'.4— v ' 
'"^?y'^'’'fi3Ldniittedl^it is a '’little difficult, 'even allowing for diversity of 
cells, to see how the liver can perform so many different functions, 
and it seems probable that it may act in some fundamental way 
in relation to several processes. It has been shown, too, by the ( 
injection of dyes, that the various streams of blood do not necessarily 
mix in the liver. The blood from the spleen, for example, , goes 
to the middle lobe. 


Bile. 

Bile is secreted by the liver, stored in the gall-bladder and is 
poured into the duodenum. It may be collected from the bile-duct 
or in man by means of a tube which is swallowed into the stomach 
and which passes into the duodenum if the subject lies on his right 
side. Under suitable conditions (see below) the bile drips out freely. 
It is stated that 500 to 1000 c.c. may be excreted daily. ' - 

Bile is being continuously poured into the intestine, but. there is 
an increased discharge from time to time (see below). 

V The Constituents of the Bile'" are the bile *salt3 proper (tauro- 
cholate and glycocholate of sodium), the bile pigmen ts '(bilirubin, 
biliverdin), a mucinoid substance, small quantities of fats, soaps, 
cholesterol, lecithin, and mineral salts, of which the carbonates* 
^ and phosphates of calcium are the most important. 

Bile is a yellowish, reddish-brown, or green fluid, according to 
the relative preponderance of its two chief pigments. It has a. 
musk-like odour, a bitter-sweet taste, and an alkali ne reactio nu 

The specific gravity of human bile fronTtlie^all-bladcler is 1026 
to 1032 ; that from the duct, 1010 to 1011. The solids increase from 
2*0 to 11 per cent, from absorption of water and addition of mucus. 

The Bile Salts. — ^T^he human bile contains the sodium salts o f 
complex a mino-acids^called. the bile „acids. The glycocholic acid 
(C^^H^^NUc), is derived horn, the amino-acid glycine and cholic 
acid, whose origin is uncertain (it is thought to be derived from 
cholesterol or to have a. similar origin) ; the other, taitrocholic acid 
(Co(jH 45 U 07 S), is derived from cholic acid and taurine, a sulphur- 
containing amino-acid formed from cystine. The bile acids are 
h}'drolysed by dilute acids and alkalies into their components. The 
constitution of the bile of different animals varies considerably. 
In human bile several cholic acids which are hydroxy derivatives of 
cholanic acid are found. Of these desoxy cholic acid is most important 
I as it forms choleic acids with many substances especially fatty acids, 

\ sterols and phenols which are soluble and diffusible in acid solution. / 
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Otherwise these substances would be insoluble in acid. In man 
glycocholic acid predommates. Chemically the bile acids are very | 
closely related to and have a similar structure to cholesterol High \ 
protein diet or administration of cholic acid increases’ the excretion 
of bile salts, while fasting or the ingestion of sugar lowers it. 

The colour reaction called Pettenkofer’s reaction is due to the . 
presence of cholic acid. Small quantities of sucrose and strong 
sulphuric acid are added to the bile. The sulphuric acid acting on 
sugar forms a small quantity of a substance called furfuraldeliyde, in 
addition to other products. The furfuraldeliyde gives a brilliant 
purple colour -with cholic acid. 

' The Bile Pigments. — These are iron-fre e_derivatiy es of hsemo -l 
^iobin ; the body retains the iron for other uses. The two cliief * 
bile pigments are b ilirubin and bi liverdin. Bile which contains 
chiefly the former (such as dog’s liile) is of a golden or orange- 
yellow colour, while the bile of many herbivora, which contains ■ 
chiefly biliverdin, is either green or bluish-green. 

Bilirulin has the .formula CggHggH^Og : it is thus an iron-free 
derivative of haemoglobin. The iron is apparently stored up in the 
liver-cells, perhaps for future use in the manufacture of new haemo- 
globin. Bile contains only a trace of iron ; bilirubin is isomeric with 
haematoporphyrin. 

Biliverdin (033H3gN'408) may occur as such in bile; it may 
be formed by simply exposing red bile to the oxidising action of 
the atmosphere; or it may be formed as in G-melin’s test (see ‘ 
IJrine) by the more vigorous oxidation produced by fuming nitric acid. 

Hydrobiliriobin (O 32 H 44 H 4 O 7 ). — If a - solution of Wlirubin or 
biliverdin in dilute alkali is treated with sodium amalgam or 
allowed to putrefy, a brownish pigment, which is a reduction 
product, is formed called hydrobiHrubin. It shows a dark absorption 
band between b and F, and a fainter band in the region of the D line. 

This substance is interesting becanse a similar substance is formed 
from the bile pigment by reduction processes in the intestine, and 
constitutes st6rcobilin,_ the pigment of the faeces. Some of this is 
absorbed an'dTultimately leaves the body in the urine as one of its 
pigments called urobilin. A small quantity of urobilin is sometimes 
found preformed in the bile. 

The Origin of Bile Pigment. — We have seen (p. 361) that 
'Ithe bile pigments are formed from residues of broken-down red 
blood-corpnscles, by the reticulo-endothelial system. The bilirubin is 
modifled by the liver, as is indicated by the van den_Bergh reaction. 

• The test solutions are — “ ’ 


(A) Sulphanilic Acid 
HCl (cone.) 
Distilled Water 
(:B) Sodium Nitrite 


1 gram 
15 c.c. 
lOOOc.c. 

0 ‘5 per cent solution 



508 THE LIVER [CH. XXXV. 

Immediately before use A and B are mixed in the proportion of 
100 ^3 respectively. 

If ac[3ed^D~bile the direct reaction (bluish-violet) is obtained, 
but if to normal blood serum no colour appears until 96 per cent, 
alcohol has been added, 'f.e. the indirect reaction (vipl^red): The” 
modification, which is obscure, is due to the liver, bunhe reaction 
. has been of great value in detecting and estimating the presence 
and amount of modified and unmodified bile pigment in the blood. 

In simple obstruction of the bile passages the pigment which has 
been modified passes back into the blood-stream the serum of 
wliich then gives the direct reaction. The presence of an excessive^" 
amount of bile pigment in' the blood causes the mucous membranes,} 
the white of the eye, and the skin to appear yellow. This is known as | 
Jaundice. Its depth is measured by the Ictenis Index — see p, 511. 
^j^CholesteroL — Small quantities of this substance are excreted in 
- normal bile. Gall-stones commonly consist of precipitated cholesterol, 
to which may be added bile pigments and calcium carbonate, 

, / The Secretion of Bile. — This takes place during the day, rather 
Ns/ithan during the night when glycogen is being stored. The cells ^ 
concerned are the more central cells of the lobule, but, as shown 
histologically, the other cells become active if more bile is needed. 

^ The bile is secreted at a much lower pressure than are the 
^ secretions of the salivary glands, but this is to be expected from 
' the fact that in the latter case the pressure of the blood in the main 
’ vessel supplying the gland is arterial and not venous. Like other 
, secretions, however, it is produced at a pressure higher than the 
blood supply. 

The nervous mechanism is unknown, but it appears that bile is 
secreted, under the influence of the action of secretin, which thus 
stimulates the Liver as'well as the pancre^^ tEbiigh the action 

of the jnh3_salt sjwhich are thems elyes^reAbsprbed from the intestine. 

Schiff wasthe SrstTo~3emonstrate this circulation of the bile, 
which relates chiefly, if not entirely, to the bile salts ; by causing bile 
to be added to the diet of animals or led back to the duodenum from a 
fistula, the percentage of solids in the bile excreted is at once raised. 
The secretion of bile is increased by a variety of substances other 
than bile salts ; of • these the most important are tissue extracts 
generally. Meat increases the taurocholic acid and fat the 
cholesterol. 

This circulation of the bile may be lost if the bile duct is brought 
to the surface for drainage purposes. Patients so treated and 
experimental animals slowly become very angemic from the loss 
of the blood-forming factor ; indeed it was this fact which led to the 
discovery that the liver contained such a factor (see Origin of Red 
Blood-Corpuscles). 
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"^The Storage and Excretion of Bile. — Bile is secreted particu- 
larly during the digestion of food, but when the stomach is empty, 
it accumulates in the gall-bladder. During its stay in the gall- 
"bladder the bile is concentrated and has mucus added to it (see 
Constituents of Bile). In starvation the bile-pressure may reach 
300 mm. (of bile). fThis it does in virtue of the pressure at 
which it is secreted and because the sphincter, at the opening of 
the common bile-duct into the duodenum, is closed while the 
gall-bladder is relaxed. The resistance of the sphincter is therefore 
considerable (McMaster and Elman). 

This sphincter, which is commonly called the sphincter of Oddi, has been variously 
described, but the work of Kirk and Gordon Taylor shows that iii man it is not 
a circle of muscular fibres at the opening as its name suggests. Rather it is 
composed of fibres running longitudinally or obliquely which are prolonged into 
the villous processes with which the terminal segment of the duct abounds. The 
structure suggests that the opening is closed by a retraction of the papilla and an 
erection or pulling up of the villous processes, the whole arrangement being 
strengthened by the oblique passage of the duct through the duodenal wall. 

When food passes through the pylorus the peristaltic waves 
pass over the duodenum, the sphincter at the opening of the bile- 
duct relaxes, and the gaU-bladder and large ducts contract, driving 
out the accumulated bile. This mechanism appears to be tmder the,! 
antagonistic influences of the vagus and sympathetic, the formerjj 
being motor. In cases of obstruction of the bile-duct by a gall-stone, 
excessive action of the plain muscle of these parts attempting to 
drive down the stone causes the intense pain of biliary colic from 
stretching the wall of the duct. 

It is apparently the products of fat digestion which are concerned 
in this mechanism, as contraction is not complete until some time 
after the food enters the duodenum. 

Ivy and his co-workers have discovered in the wall, of the 
duodenum a substance like secretin which may be extracted and 
which brings about contraction of the gall-bladder if injected into 
the blood. This substance they call cholecystokinin. — - — 

Most purgatives, e.g. calomel and magnesium sulphate, stimulate 
the bile-expelling mechanism, and consequently the faeces becomes 
dark from the presence of bile pigment less altered than stercobilin. 
When it is desired to obtain samples of bile through the duodenal 
tube, a meal of cream and egg-yolk is given to cause the gall-bladder 
to contract. Evidence seems to favour the view that this^ rapid 
evacuation is due to a rapid rise in the pressure in the gall-bladder 
from a contraction initiated by cholecystokinin and reflex stimuli 
from the gut. At the same time as the gall-bladder contracts 
the sphincter of Liitkens at its neck relaxes. The fact that the 
blood of a subject fed on egg-yolk causes the gall-bladder of 
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another to contract suggests that the egg causes the production of 
.cholecystokinin. Meat and peptones cause excretion. 

The patency of the bile passages may be studied by means of X-rays. 

A dye, sodium tetra-iodophenolphthalein, opaque to^ X-rays, is 
ehminated in the bile after intravenous injection, and its excretion 
may be hastened by giving the patient a quantity of cream and 
egg-j^olk. The X-ray shadow of the gallrbladder becomes more and 
more dense for some time after the period of maximum excretion of 
the dye, because of concentration of the opaque dye in the stored 
bile. Moreover, there is e^ddence that the gall-bladder absorbs some 
of the lipides of bile ; this organ may therefore be of importance in 
regulating the amount of cholesterol leaving the body via the bile. 
The physiology of the gall-bladder is well discussed by Mann, 1924, 
and by Ivy, 1934. 

The Functions of Bile"i^Bye^s_alkahne ; it therefore assists 
the pancreatic juice in neutralising the chyme that leaves the 
stomach. It assists, the absorption of fats. . It is also a solvent of 
fatty acids, of the fat-soluble vitamihFor their precursors, e,g, carotene 
and ergosterol, and of cholesterol. The latter may be precipitated 
from solution by the products of bacterial growth and this gives 
rise to the formation of gall-stones. 

Bile stimulates peristals is in the l arg e int estine and is used 
extensively for this purpose in enemata, especially after operations. 
The use of bile as a purgative was known to the ancient Egyptians. 

When the bile meets the cli}Tne the turbidity of the latter is 
increased owing to the precipitation of unpeptonised protein. This 
is an action due to the bile salts, and it has been surmised that 
this conversion of the chyme into a more viscid mass serves to 
hinder its progress through the intestines ; it clings to the intestinal 
wall, thus allowing further digestion and absorption to take place. 

It precipitates also pepsin and neutralises the hydrochlorfc acid 
of the stomach by regurgitating into the latter when it is empty. 

Bile is readily putrescible but may diminish putrescence in the 
intestine by increasing absorption and lessening the amount of 
putrescible matter in the bowel. 

Bile, as we have seen, acts as a stimulant to its own secretion. 

Bile is also a means of excretion of cholesterol, iron, copper and 
calcium. Many drugs are also excreted in the bile, e,g. phenol. 

Bile salts facilitate the absorption of vitamin K. 


Removal of the Gall-Bladder. 

The gall-bladder is liable to become the seat of chronic, infection 
and very commonly gall-stones are precipitated. Eemoval of the 
organ is commonly practised with apparently no detriment (indeed 
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CgHoCN'02)30H, is converted into picramic acid, 0GH2(N02)2(ISrH2)0H. 
The drug chloral, CCI3 . CHO, is reduced to CCI3 . CHgOH before 
being conjugated with glucuronic acid (see below). 

Conjugation is brought about by several methods of which those 
by gl}'cine, by glucuronic acid, and by sulphuric acid are the most 
important. 

Detoxication by Glycine occurs in the case of many aromatic 
acids. This is seen t>Dically when benz oic acid is conver ted into 
hippuric acid and is so common that Mppuric acid is considered 
a normal constituent of the urine. Glycine for this purpose 
apparently may be made in the body, for if the diet is deficient 
in this respect the urea is reduced. 

Detoxication by Glucuronic Acid is of special importance 
since the CHO — group of the glucuronates r educes copper salts and 
may be mistaken for sugar in the urine. The glucuronic acid 
probably originates from glucose but the process is not clear. Its 
salts are distinguished from glucose by their being Imvorotatory 
and not being fermented by yeast. Its formula indicates that 
it is glucose with the end-chain (CH3OH) oxidised to COOH. 
It is 

H 

' H H O H H 

O O H O O O 

H H H O 

H 

The glucuronate content of the urine is '^increased by several 
common drugs such as choral, chloroform, salicylates, camphor, 
morphine, antipyrine, phenacetin, turpentine, and saccharin. - 

Detoxication by Sulphuric Acid. — The formation of sulphuric 
esters or ethereal sul phate_s occurs in the detoxication of phenols 
absorbed from thelarge intestine (see p. 636 ). Indole which is 
also absorbed there is, as we have said, first oxidised to indoxyl 
and then converted into the ethereal sulphate inclican which appears 
in the urine and is convertible into indigo blue. It is a measure 
of intestinal putrefaction. The reactions which occur are 


Indole 


Indoxj’l 


H 


H 


Indican. 

OH 

^ 


-O . SO, . OH 


X/XnX 

H 


.IsTormal xirine contains traces of such phenol compounds derived 
from the intestine. 
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Detoxication by Acetic Acid. — ^Amino-compounds such as 
jp-amino-benzoic acid are detoxicated in this way. 

Detoxication by Glutamine appears to be peculiar to man 
and the chimpanzee, man’s nearest relative amongst the apes. It 
occurs in the detoxication of phenylacetic acid, but apparently not 
in that of its compounds. • 

Detoxication by Fixation. — In some cases the liver and other 
tissues appear to have the power of fixing substances in their tissues 
in an inert form. This occurs in the case of a rasnim- 

At present we know compar^vely little about detoxication 
processes, but it is probable that most take place in the liver, and 
that they are of greater importance in relation to the resistance 
to infection than is generally supposed. It has been shown, for 
example, that ^-amino-benzoic acid is required by the virulent 
organism the streptococcus and that the important sulphonamide 
drugs may act by making this substance less available to the 
bacteria. 
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THE UKIHAKY APPARATUS 

The urinary apparatus consists of the kidneys, from each of which 
a tube called the- ureter leads to the bladder, where^the urine is 
temporarily stored ; from the bladder a duct called the urethra leads 
to the exterior. 

The Iddneys are composed of a vast number of minute tubules 
the structure of which varies in its different parts, a fact which has 
an important bearing on its function in relation to the production 
of urine. Students who have not dissected the kidney should do 
so at this stage. Those sold for food are quite suitable for the 
purpose. 

Each tubule begins in the cortex or outer zone of the organ as 
a dilatation,- the capsxih of Boivman ^ ; this encloses a tuft or 
glomerulus of capillaries, called a The tubule 

leaves the capsule by a neck, and "then becomes convoluted {first 
convoluted UCbule), but soon ^'f ter becomes nearly straight or slightly 
spiral {^iral iuhule)] then rapidly narrowing, it passes down into 
the medulla as the descending tubule of Henle ; this turns round, 
forming a loop {loop of Henle), and passes up to the cortex again 
as the ascending htbule of Henle. It then becomes larger and 
irregularly zigzag '’{zigzag tubule) and again convoluted {second 
convoluted tubule). Eventually it narrows into a junctional tubule, 
which joins a straight or collecting tubule. This passes straight 
through the medulla, where it joins with others to form one of the 
ducts of Bellini that open at the apex of a pyramid into the pelvis 
of the kidney where the ureter commences. These parts are all 
shown in fig. 173. 

In the capsule, the epithelium is reflected over the glomerulus. 
It is flattened like tliat lining a lymph space./ / ■ 

In the neck, the epithelium is still flattened, (but in some 
animals, such as frogsl where the' neck is longer, the epithehum is 
ciliatedJ 

In the first convoluted and spiral tubules, it is thick, and the cells 
show a striated structure, except around the nucleus, where the 
protoplasm is granular. [The cells interlock laterally and are difficult 

■*" In his original paper Bowman says that this capsule was first described by 
Muller who did not then recognise its exact connections with the tubules. 
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to isolate.! In tlie namtn 
loop itself' tlie cells ate clear and ,, 

• lumen; in the asccndhg limb Uier a-lG ' 



and nearly, fill, the tubule. In the zigzap and second convoluted 
tubules the fibrillations become even more marked! ' The nmclio 1 
tubule has; a, -large lumen, and -is lined by clear flattened ceUs 
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the collecting tubules and ducts ofJB.ellini are lined by clear cubical • " . 
'^91 col^l^^celk -' --'■ .•• 

The extent or the zone of clear cells in the loop of Henle varies ^ '/ 
a good deal in different animals. U-' 

The glomerulus with its tubule is known as a nephron, and it is 
calculated that there arp._n -minin n such unit s in a I ddney.l Each 
nephron is 30-38 mm. in length. 

j'^he anatomical details of the vessels need not concern us . 
here, but the important fact in relation to the function of the 
organ is that the arteries supply. first the glomeruli and then the 
tubules (see fig. 174), which means that there are two sets of 
capillaries in the series and the blood-pressure in the second must 
obviously be much lower than that in the first. Eor convenience 
the vessels between the glomeruli and the tubules are known, not 
as veins, but as the efferent vessels of the glomeruli. The detailed 
stl'ucture of the tubule is given by Huber, 1909, and in different 
animals by Homer Smith.' , r ' 

v •/ The Function of the Kidney. 

The function of the kidney is to separate the urinary con- 
stituents from the blood, and by this, means the blo od, ., is 
maintained of constant composition. It is chiefiy concerned *with 
the' excretion of water, chlorides, sulphates, and ,the products of 
. protein metaboli sm. In these functions the kidneys co-operate with 
the skin. They also co-operate with the lungs in maintaining the . 
normal acid-base equilibrium of the blood by varying the amount 
of carbon dioxide excreted. (These inter-relationships are considered , 

later^ •. . 'o- ' 

laier. ^ v ~u ' ' ' 

V AVe may sum' up the process of urinary secretion as follows ; — 

One fluid, the arterial blood, enters the kidney j two fiuids, the 

venous blood and the urine, leave it. Both of these fluids are 

different in composition from the arterial blood. The following 

table gives the approximate values of the principal constituents 

in the plasma of the arterial blood, and in the urine. It must, 

however, be clearly understood that the various^ constituents may 

vary from time to time according to circumstances. 

y , f ,1 ‘ r. V-:- . ‘ e^c.- 71' c-i^{ c , V 



* - 7 7 r > 

C r 

V 


Arterial Blood-plasma. 

O ('1 Urine, 

Total solids 

10 per cent 

4 per 

cent J 

Proteins 

7*6 to 9 ,, ,, 

0 


Chloride 

0'37 ,, ,, 

)o*6 /7„ 


Urea .... 

0*03 ,, ,, 

2*0 „ 

,, ^ 

Su^r .... 

0*10 „ „ 

0 „ 

^99 f 

\ Uric acid 

0*003 „ „ 

0*05 „ 

ft 

Hippuric acid 

0 „ 

' 0*07 „ 


Creatinine . 

0*001 ,, 

0*1 „ 


Ammonium salts . 

0*001 „ „ 

0*04. „ 









r. 


a-'. 
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How; exactly .the urine is separated from the blood and con- 
centrated has Been a suBject of study and deBate over a long period 
of years, But it is slowly Becoming evident that although the kidney 
acts as a whole, its different parts act differently as their histological 
structure suggests. Thus it may be considered that the flattened 
epithelial cells of the glomeruli and possibly of the descending 
loops allow the passage of fluid by ^m£le.. physical processes which 
are affected solely by the blood-pressure in the Blood capillaries 
supplying them and the osmotic pressure of the Bldod constituents. 
A variation in this activity does not involve any alteration of the 
oxygen usage of the organ. The thicker cells of the majority of the 
tubules may be considered to have a more vital function, ap. increase 
in which requires the use of more oxygen. ■'A' 

^ glance at the above table shows that while the urine as a 
whole is more dilute than the blood, certain constituents are present 
in greater concentration than they are in the blood. Moreover,’ 
it is evident that some substances have been concentrated to a 
greater extent than others. Gf. Creatinine and Urea. 

It is convenient to consider the functions of the glomeruli and 
tubules separately.] . ^ u - , 

c r. ^ /. Ji /'A"! '/zr: > ■( 

q, to tA. r?-. « o . 


< -- cwfe c/v'xr.^^v- /A . .r 

twL'hcv -' !, PiG.- , > The 'Function of the ., Glomeruli. i, V /V-o 

In the case of the glomeruli, the evidence is very complete that 
they act as flitters., 

1. It^ has been found possible to pass under a microscope a 
cannula directly into the glomerular capsule (Eichards and Wearn) 
and the fluid withdrawn has been found to be of the same 
ccmposition as blood minus the. non-fllterable protein. 

In a'sihiilar way the pressure necessary to stop the flow through 
the glomerular capillaries has been found. This is about 200 mm. 
water, and since the colloidal osmotic pressure ' of the blood is 
100 it may be considered that a sufficient head of pressure is 
available. 

2. Any increase of the osmotic pressure of the blood such as 
occurs in 'severe sweating' tends to' reduce the urine produced and 
any .. reduction 4)y dilution such as occurs after drinking causes 
an increase of urine. 

3. It has also been found by experiment that cooling the kidney . 
or the administration of cyanides which reduce its vital functions 
tends to cause the organ to produce a urine which might be con- 
sidered a simple ultra-filtrate of serum, the chloride content 
being higher and the creatinine content ' being lower than in 
normal urine. More urine is produced. The copied kidney becomes 

a simple physical mechanism. 
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4. As might he expected, too, a rise of general arterial pressure 
increases the flow of urine prmdded the . procedure^ causing the 
rise“does ‘not constrict' the vessels of the kidney. This is seen in 
the accompanying table : — 


Procedure- 

General blood- 
pressure- 

Bonal vessels. 

Kidney volume. 

Urinary 

Division of spintil cord in 
neck 

Falls to 

40 mm. 

Relaxed 

Shrinks 

Ceases 

Stimulation of cord , 

Rises i 

Constricted 

Shrinks 

Diminished 

Stimulation of cord after 
section of renal nerves 

Rises 

Passively 

dilated 

Swell^~ 

Tncreased 

Stimulation of renal 

nerves 

Unaffected 

Constricted 

Shrinks 

Diminished 

Stimulation of splanchnic i 
nerve 

Rises* 

Constricted 

Shrinks 

Diminished 

Injection of normal saline 

Rises 

Dilated 

Swells 

Increased 

Haemorrhage . 

FaUs * 

Constricted 

Shrinks 

Diminished 


These results have been obtained also by Eichards and Plant, 
who have shown that they are independent of the blood-flow.; 
Similarly, increasing the pressure in the tubules by obstructing 
the out-flow of urine in a dencrvaied kidney causes the production 
of urine similar in amount and quality to that produced after 
lowering the arterial pressure (Winton). 

The amount, however, of urine does not depend wholly on the height 
of the blood-pressure ; and one very striking fact in this relation may 
be mentioned now — namely, that if the blood-pressure is increased 
without allowing the blood to flow, the amount of urine formed is 
\ not increased ; this can be done by ligaturing the renal vein ; the 
; blood-pressure within the kidney then rises enormously, but the flow 
' of urine stops. 

It has also been shown that substances may pass through the 
glomerular membrane in accordance with the size of their molecules, 
as would occur in the case of purely'physical membrane. Protein 
and hsemoglobin are not normally excreted, but may appear if the 
glomerular epithelium becomes damaged by inflammatory states. 

The formation of urine in the glomeruli is then almost identical 
with the production of tissue fluid and lymph but with the added 
acti\T[ty of the tubules. 
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The Function of the Tubules. 

Selective Reabsorption. — Since , the kidney has two sets of 
capillaries in -series, it is evident that the blood^pressure in,, the 
papillaries..of ,the tubules must be less than in iiEbse of the glomeruli 
and that the effect of the osmotic, pressure of the blood will be 
relatively .greater, in the tubules. The idea that the^ reabsorption 
of water might take place in the tubules had this anatomical basis 
and was put forward by Ludwig to account for the 'concentration 
of the urine. 

The development of accurate chemical analysis of blood' and 
urine showed, however, that the various substances which might he 
filtered off in the glomeruli must be absorbed to different extents, 
for it was found that they were not all concentrated to the same 
extent and that only some were finally excreted. Cushny and 
subsequently Eichards and also Winton have put forward evidence 
of a selec.tive., r.eabsorpt ion_ which depends on a vital activity of the 
cells of * 'flre'"tubules anJ" which involves the use of oxygen. The 
substances which have fixed a concentration or threshold in the blood, 
such as sugar and chlorides and which are reabsorbed, are considered 
to be threshold.substances and others wliich are fullyexcreted are 
non-threshold substances.-— (See Winton, 1937.) 

The examination of minute specimens' withdrawn directly from 
different parts of the tubules indicates that glucose is...reabsorbed 
m the proximal part of the tubule and that water, and chloride are 
reabsorbed chiefly in the distal part (White and Schmidt). 

“"’"-TheTe is" indeed some similarity between tubular and intestinal 
activity. Filtration and reabsorption are also recognised as occurring 
together in the case 'of the lymph. In early days there was some 
debate as to whether there was time for the urine to be concentrated 
in its passage down the tubules, but the number of tubules is so 
large that the amount necessarily absorbed by a tubule of 3 cms. 
in length need only be 1'4 mg. of water per day. Moreover,, it has 
been found by direct tubular sampling that inulin when injected 
into the blood is excreted solely by the glomeruli and not reabsorbed, 
yet it is concentrated more than 100 times. This is adequate to 
account for the concentration of all other substances in the urine 
with the exception of those formed by the kidney (ammonia and 
hippufic acid). (See Eichards, 1929). 

Excretion. — The apparent failure of filtration and reabsorption 
to explain the concentration of the urine from a simple blood filtrate 
led originally to the view that certain substances such as urea and 
creatinine_were “ secreted ” into the urine (Bowman). 

the tubules can act as purely excreting organs is seen in certain 
fishes in 'which glomeruli are absent yet normal urine is produced. 
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It has been found, too, that a kidney which is cooled, or which 
has been poisoned with cyanide which reduces oxidation processes, 
excretes less urea and sulphates, while there is an increase of 
chlorides and of water. This suggests that the vital mechanism 

THE NEPHRON 



Fio. 174. —Diagram of the nephron of a mammal showing its chief features. The sizes of its various 
parts are necessarily out of proportion. For the size of glomerulus given the tubule should be 
several feet long. 


for excretion of urea and sulphate and for absorption becomes 
impaired (Starling and Verney). Moreover, if the production of 
urine is prevented by raising the pressure in the ureters the injection 
of urea causes the production to recommence, a fact which is very 
difficult to explain by filtration and reabsorption. 

Marshall also has found that the excretion of phenol-red in 
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dogs is mucli greater than can be obtained by the filtration of a^ 
solution : of ' this substance in plasma through a collodion membrane 
having similar permeability to that of a glomerulus. 

It is evident that the kidney can elahprate.new, substances -such 
as hipp uric acid from glycine ..and benzoi c acid •w hen_.the Matter , is 
administered. 'It can also form ammonium salts by breaking down 
urea, when necessary to neutralise acids which may be added to the^ 
blood. In similar circumstances it forms acid sodium phosphate' 
from organic phosphate and excretes a larger proportion than, 
normally, and this function has by specimens taken direct fromV 
the tubules been located to a small region of the distal tubule. 

This latter finding emphasises the specialised activity of certain 
of the tubules as their histological structure suggests and that it 
is quite reasonable to assume, as suggested by Bowman, that some 
cells of the tubules excrete or secrete and that others are more 
concerned with reabsorption. This is supported by the findings 
in disease in, which it is found that the kidney’s power to concentrate 
different substances may be appreciably impaired. 

The various facts in regard to the composition of the urine are 
conveniently summarised in the above diagram of a single kidney 
unit, the nephron. 

The comparative physiology of the kidney, which throws much 
light on its function, is well discussed by Marshall, 1934. 


Extirpation of the Kidneys. 


Extirpation of one Tcidney , for tuberculosis, etc., is a common 
operation. It is not followed by any untoward result. The 
remaining kidney, if healthy, enlarges and does the work previously 
shared between the two. In dogs ds much as a kidney and a half 
have been removed without any diminution of excretion. 

Extirpation of loth hidneys is fatal ; the urea, etc., accumulate_ in 
the blood, and, the. animal dies in a few days]''ur'£emic -convulsions 
do not usually occur in- such experiments. ' - 

Ligature of loth renal arteries leads to the same result as 
extirpation. Partial compression of the renal arteries leads to the i 
liberation into the blood of a substance renin which raises the 
blood-pressure. This probably accounts for the high blood-pressure 5 


in kidney disease. 


The Control of Renal Secretion. 





■iv,.-The Renal Nerves. — -The renal plexus gets vasoconstrictor 
fibres from the sympathetic and dilator fibres probably from the 
vagus, but we do not know of tr ue secretor y ne rves. Fibres from 
the' anterior roots of the .e levent h, twelfth, and thirteenth thoracic 

^ R 2 
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nerves (in the dog) pass into this plexus. They are both vaso- 
constrictor and vasodilator in function. The nerve-cells on the course 
of the constrictor fibres are situated in the coeliac, mesenteric, and 
renal ganglia ; the nerve-cells on the course of the dilator fibres are ' 
placed in the coeliac plexus and renal ganglia. The_vagus also sends 
branches to the renal plexus (Cunningham). We have, at present, no / 
. knowledge of true secretory nerves to the kidney. The nerves just / 
described affect the blood-vessels (Eose Bradford, Burton-Opitz) / 
and the number of glomeruli in use, and also exert trophic | 
(nourishing) functions. 

The diuresis produced by the ingestion of a given amount of 
water is reduced by exercise (Pembrey) and sensory stimulation, 
but both have now been shown to occur in denervated as well as 
normal kidneys (Winton). There must be reciprocal control of the 
excretions of fluid by the skin and by the kidney, for the more we 
sweat the less urine is produced (see Water Balance); but this 
j^robably depends on the concentration of the blood. 

In conclusion it may be stated in the light of present knowledge 
.that the amount of urine produced depends on( the capillary . 
;pressxire in the glomerulus, the number of active glomeruli, and the 
coiifpdsition of the blood. C 

, V"- Anti diuretic Hormone of the Pituitary. — When the 

tiiosteno^rTobe of the pituitary body, or that part of the hypothalamus 
■f which controls it, is damaged by disease or experimentally/ 

there results a condition characterised by the production 
:: of large quantities of a dilute sugar-free urine and consequently great 
'’"thirst. The condition is relieved by the administration of post- 
pituitary extract. ^ Verney and his co-workers have demonstrated that 
r' ^when the blood is concentrated the pituitary secretes an anti-diuretic 
' hormone. If the anterior lobe of the pituitary is removed as well 
, ^ diabetes insipidus does not result. 


The Effect of Diet on Kidney Volume. 

It has been found possible to study the volume of the kidney 
by exteriorising it outside the abdominal wall with all its essential 
connections intact (Allen and Cope, 1942) and it has been observed . 
that the kidney increases considerably in size if the animal is given * 
a high salt or a high protein diet. Prolongation of the latter led, " 
however, to a true hypertrophy of kidney tissue, but the effect 
of a high salt diet and the increased blood-pressure which 
accompanied it passed off when a normal diet was resumed. These 
facts are important as they indicate how the kidney may respond 
to pathological states. 

There occur also daily and even hourly variations in size of 
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the kidney during normal' activity. These changes appear to be, 
due to. varying amounts of' blood in the kidney and the use of 
varying numbers of nephrons. 


Renal Efficiency. 


The efficiency. of the kidney may be. judged conveniently by-'its 
power to eliminate, urea. Two ' tests have been based on tliis 
function. 

Urea Concentration Test (Maclean and de 'Wesselow). — Erom 
a study of the table on p. 516 it is evident that the kidney has the 
power of concentrating urea. This power is the basis of a useful 
test of kidney efficiency. After the administration of. 15 grammes., 
of urea in 100 c.c. of water, specimens of , urine are taken one 
and two hours afterwards ; the second specimen will contain above' 
2 per cent, .ur.ea if the kidneys are acting normally. . The factor 
obtained by dividing the concentration of urea in the urine by that., 
in the blood is also an indication of the urea-concentrating power 
of the kidney, but the test takes longer. In severe kidney disease , 
the figure, instead of being 90, may be reduced to 10. 

Tlie Urea Clearance Test (Van Slyke). — This test is based on the 
fact that the amount of urea excreted per day must be independent 
of the amount of urine passed, otherwise urea would accumulate 
in the body. On a given diet, therefore, the concentration of urea 
in the urine must vary with the dilution or the concentration of 
urine, that is, urea (TJ) . multiplied, .by amount of urine (V) must 
be constant. But these factors must depend on the concentration 
of urea in the blood and the amount of blood which is theoretically 
cleared of urea (0) in passing through the kidney, I'.e. TJx V = B^x 0 
where B = blood urea. 

If, therefore, we know the concentration of urea in the blood (B) 
we know the amount of blood which must have been cleared of 

UV 

urea (C) theoretically in a given 'time, i.e. . 


Thus with a blood urea of d'03 per cent., a urine urea of 2 per 
cent, and a urine flow, of 2 c.c. per minute, the amount of blood 
cleared of urea will be. 133 . c.c. . Actually if the urine flow falls 
•below_.2. c.c. per .minute,.,it,,has been found experimentally that 
the urine' concentration varies as the square root of the volume 

IJn/V 


and the clearance is therefore 


B 


In carrying out the test the bladder is emptied, a pint of water 
is taken and samples examined of urine passed 1^- hours later. 

Eenal efficiency may also be judged by the power of the organ to 
excrete . dyes. These' tests givie a more accurate indication- of the 
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renal efficiency than the blood -urea which does not accumulate 
until almost three-quarters of the renal tissue have been destroyed 
by disease, since the slightest accumulation merely acts as a diuretic 
to the remaining healthy parts. It appears that the power of the 
kidney to eliminate urea runs parallel with its capability of excreting 
dyes such as indigo-carmine and phenolsulphonephthalein. The dye 
is injected intravenously and 70^per cent, is normally excreted in. 
two hours. ^ " 

Since anaesthesia may cause slight renal impairment to become 
serious, it is often important to perform such tests prior to an 
operation. Such tests are also carried out when attempts are being 
made to determine how far kidney disease has progressed, and what 
the future of the patient may be. Whenever possible the urea 
clearance test is to be preferred, but the specific gravity test 
is commonly sufficient (see p. 529). 

^^Micturition. 

As each portion of urine is secreted it propels that which is 
already in the uriniferous tubes onwards into the pelvis of the 
kidney. Thence, through the ureter, the urine passes into the bladder, 
into w’hich its rate and mode of entrance have been watched by 
means of the cystoscope, or in patients in whom the lower anterior 
abdominal wall and the anterior wall of the bladder is absent. 
The urine does not enter the bladder at any regular rate, nor is there 
a synchronism mits movement through the two ureters. During fast- 
ing, two or three drops enter the bladder every minute ; each 'drop as 
it enters first raises up the Httle papilla through which the ureter 
opens, and then passes slowly tlnough its orifice, which at once 
. closes . again like a sphincter. Its flow is aided by the ^peristalti c 
contractions of th e ureter s, and is increased in deep^ inspira,tionJvf 
by ^strairiihg*3in active exercise, and in the first fifteen dr twenty 
minutes after a meal. The urine is prevented from regurgitation 
into the ureters by the latter passing obliquely through the' walls 
of the bladder and is retained in the organ by two rings of muscle 
at its exit, known as the internal and external sphincters, until 
voided. 

The efferent nerves to the bladder are : — (1) .ntmL^rig&nUs 

which are parasympathetic. Stimulation of these nerves causes 
contraction of the bladder, and relaxation .of its spliincter, the two 
necessary acts by which the urine is expelled. (2) The hypogastric 
nerves which are sympathetic; pre-ganglionic fibres the Tor'd 
in the lumbar region, pass through to the inferior mesenteric 
ganglion ; the post-ganglionic fibres are very short and^^synpase 
in cells near the bladder wall. Much difference of . opinion has 
been expressed regarding the action of these nerves. The effect 
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of stimulation appears to depend on the degree of anaesthesia used 
and the degree of tension present. Stimulation of (1) or (2) causes 
contraction- of the flaccid bladder and relaxation of the contracted 
bladder. ,In man, however, there is evidence of antagonism, for 
it has been found that difficult micturition resulting from lesions of 
the pelvic nerve is relieved by sympathetic section (Learmonth). 
On the other hand, a dose of the sympathetic drug epliedrine may in 
sen sitive pe rsons make- micturition temporarily inippssible,, while 
atropme,.the,paralysant of the parasympathetic, may be of value in 
the treatment of nocturnal bed-wetting in children. 



Fio. 176.— The changes in pressure which occur in the human bladder as it is filled with fluid 
(upper curve) and as it empties (lower curve). (Denny Brown and Kobertson.) 

Fundamentally, micturition may be considered a reflex^t. It is 
so in young children in whom the bladder empties reSexly when the 
internal pressure rises. In the dog a pressure of 200 mm. of water 
initiates the reflex. The reflex is abolished by cocainising the 
bladder. 

The afferent impulses so produced pass to the central nervous 
system by the ..pelvic « nerves. *and set up a reflex through the 
hindrbrain. There' are, however, subsidiary arcs in the Jnmbo-saoral 
cord and these are able to take over control in man and animals 
if the spinal cord is injured higher up. , The spinal tracts subserving 
micturition in man have been found to be the dorsal cerebellar 
(M'Michael and Dible). . 

Normally there, is superimposed upon the basal reflexes a 
voluntary control. When the bladder is sufficiently full , and 
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a certain internal tension reached there is a desire to micturate, ', 
but the point at wliich this occurs probably depends on the tonej 
of the bladder, the composition of the urine, and the irritability- 
of the bladder walls. If the deshe is resisted the bladder relaxes 
slightly and the . desire passes off. The pressure, however, does 
not quite return to its previous level, but there is adaptation of the 
bladder to its contents at a slightly higher pressure. This adapta- 
tion can be shown if fluid is injected into the bladder through 
a catheter, and is probably an adaptation to the needs of immediate 
physical exercise, for adrenaline has been shown to cause a marked 
relaxation. The intention to micturate or the sound of running 
water causes the bladder to contract and a rise in its internal 
pressure. 

It is at first easy to ignore the desire to micturate but becomes 
increasingly difficult as the pressure in the bladder rises. Micturi- - 
tion from a half-full bladder is much more a voluntary act and 
in some circumstances is difficult. This is not to be confused 
with the difficulty in emptying an excessively full bladder which 
has become partially paralysed by the internal pressure. 

Sometimes in young persons and in animals great difficulty is 
experienced in beginning micturition because of nervousness. The 
act is facilitated % the sound of running water or by placing the 
hands in water. This suggests that the normal retention of urine 
may become exaggerated reflexly and the view that the retention 
becomes a conditioned reflex is still Jurther supported by the fact 
that a puppy in which the retention reflex is not fully formed niay 
pass urine under the influence of an extraneous stimulus. This 
suggests the release of a conditioned inhibition, (Pavlov.) 

After spinal injury voluntary control of the bladder is lost and 
if the urine is not drawn off the viscus fills and eventually overflows. 
If, however, the lumbo-sacral cord is intact, and the nursing has been 
sufficiently good to prevent infection of the urinary tract, after some 
weeks the primitive reflex emptying of the bladder may return. 

.. The act of micturition in the adult consists of the relaxation \ 
t)f the external sphincters and contraetion of the bladder -assisted | 
commonly by the eontraction of the abdominal muscles. This ?■ 
results in a small quantity of urine reaching the upper part of 
the urethra, and this has been shown experimentally to set up 
a further set of reflexes which enhances the contraction and 
brings about full relaxation of the internal sphincters. Mechanical 
compression of a full bladder will bring about the reflex which 
appears to depend on pathways through the mid-brain, for it is 
absent if this part of the brain is cut off. At the commencement 
of micturition the pressure of urine in the bladder may, reach 
1000 mm. of water. Sometimes, especially if the neck of the bladder 
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has become- irritable from the deposition of crystals precipitated . 
from the urine, the contraction of this part may be so violent 
that there is discomfort dr even intense pain. This is not-f 
uncommon in students as a result of the deposition of alkaline; 
phosphates. It is. relieved by rendering the urine acid — and the 
taking of diluents! - - _ 

If urine is voided too frequently, the cause may be (1) peripheral, 
as in inflammation of the bladder ; here the organ is unduly sensitive 
to the pressure of fluid; or (2) central, as in cases,- of fear and 
•excitement; here the sensibility. of the vesical centre is heightened. 


The Action of Diuretics. 


Diuretics are substances which increase the. flow of urine and 
are 'used in dropsy, i.e. when water accumulates in the body as a 
result of a faulty circulation, or in certain varieties of kidney 
disease, but their action may also be demonstrated on normal people. 
From our study of the mechanism of the production of urine it is 
evident that they may act as follows : — 

1. They may reduce the reabsorption in the tubules either 
(«) osmotically, e.g. urea, sodium sulphate, and like salts, or (Z>) by 
poisoning the cells of the tubules, e.g. the mercury salts (mersalyl 
being most used). 

2. They may raise the general blood-pressure and increase the. 
flow of blood through the kidney, e.^; digitalis, which stimulates and 
relieves the heart. 

3. They may bring more. glomeruli into action, e.g. caffeine. 




■'y 




References.— Barrington and Langwortby ; Kobb and Lewis, 
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'cause an acid urine because of the sulphur ..they,, contain. The! 
reaction of the urine has ar\'Bry con^Mefahle ^practical Jmppr^ 

In an alkaline urine phosphates are likely to’ precipitate and cause', 
irritation' 'of the neck of the bladder und bacteria are liable to 
flourish. In infections of the nrinary tract the treatni'eht consists 
of -making the urine very acid "and to ' secure this the diet is of 
primary importance. Acid- sodium., phosphate, ammonium ‘ chloride, j 
and 'inandelic acid are given also for this purpose, but such drugs i - 
are of no value unless strict attention is paid to the diet. Of j 
recent “years ' a^ ketdgenic didt composed largely of fat and 
meat with insufficient carbohydrate has been much used, but 
for some unexplained reason normal persons adapt themselves 
— like Eskimos — and burn fat fully. Whenever the acidity of the 
urine changes there is also a change in the ammonia-urea ratio. 
(See below.) 

2. During digestion and in the forenoon. - Here there is a \ 
formation of free 'acid in the stomach, and a corresponding liberation \ 
of bases in the blood, which, passing into the urine, diminis h .its \ 
acidity, or even render it alkaline. This is called the alTcaline tide. 1 
Deathes considers' that respiration. is more iihportaht than gastric " ■ 
secretion in bhe forenoon in producing the change. During sleep 
respiration is comparatively inactive; hence carbon dioxide accumu- 
lates, and the resulting rise in H-ion concentration is reflected 
in the urine. With the activity associated with daytime this efi’ect 
passes off. 

Specific Gravity, — This varies inversely as the quantity of urine, 
passed under normal conditions from 1015 to 1025... A specificif 
gravity belqw-lWO^shquld excite suspicion "of h'ydruria or diabetes/-'' 
insipidus^;.' 'one over J-.OSO, of . a febrile condition, of of ffiabetesT 
mellitus, in "which it may rise to 1050.- The specific gravity , has, 
however, been known to sink as low as 1002 (after large potations, 
urina potus), or to rise as high as' 1035 (after great sweating and 
after sleep) in perfectly healthy persons. 

The specific gravity of the urine passed first thing in the morning : 
is also an indication of the efficiency oi the kidney. ' , ' 

'Tiidneys which 'are capable of producing a good amount of night 
urine with a specific gravity of 1025 or over must have glomeruli 
capable of excreting a reasonable amount of salts and tubules 
capable of concentrating them. A dilute night urine in the absence 
of fluid intake at bed-time suggests that the kidney has difficulty 
in excreting salts, and more elaborate efficiency tests may be needed 
if a surgical operation is contemplated. 

' Composition. — The following table gives the average amounts of 
the urinary constituents passed by a man taking an ordinary diet 
containing about 100._grams of protein in the twenty-four hours. 


>ea • . • /- '- ^^OOtO<r.‘: ^ ;■ rV- 

r^^acid’ '''— '’ 7 ’■ - . R/? 

■ . 1^-00 • -4?-,-, 

ry rS./ -I 


»ffer 
■ ' ^o^icis 

-•^rr ^ 




/ 


if-' ■ ■"^'#/-) ; 5' 

y; ' ''' '. ■ J6-5 • 7 

are” >ao“s CO "•''ti. 


f/e not for'" ‘■^ei 
^^Jem fyr, bv f 

r/, tie bio-li"® kidne/TP^^te, hiZ^^‘'^^^ts oF? 

Se” ' '"" «« 

i's/n. y,^® Products n„„ •'Qerejy 

“^i® creafcin,-^ ®^Q3nn- ®^'®Pete£ 

D. i?!® of ... ’■ *®t. ^®t 




CH. XXXTII.] • , UREA 531 ' 

it is most likely that it cannot be represented by any single static 
formula, for reasons already discussed in relation to the origin of 
urea. Urea has the same empirical formula as ammonium cyanate 
(NH4)C]srO, from which it was first prepared synthetically by Wohler 
in 1828 . Since then it has been prepared synthetically in other ways. 
Wohler’s observation derives interest from the fact that this was 
the first organic substance ever prepared synthetically by chemists. 

Urea is readily soluble both in water and alcohol : it has a saltish \ 
taste, and is neutral to htmus paper. . - . ^ - 

The form of its crystals is shown in fig. 176. When treated with nitric acid, 
nitrate of urea (CON2H4. HNOg) is formed; this crystallises in octahedra, 
lozenge-shaped tablets, or hexagons. When treated wiUi oxalic acid, prismatic 
crystals of urea oxalate (CON2H4 . H2C2O4 + H2O) are formed. These crystals 
may be readily obtained by adding excess of the respective acids to urine which 
has been concentrated to a third or a quarter of its bulk. 

Under the influence of a micro-organism, the micrococctos urea, 
which grows readily in stale urine,- 
urea takes up water, and is con- 
verted into am m onium carbonate 
[CON2H4 -1- 2H2O = (^4)2003]. Hence 
the ammoniacal odoTir of putrid urine. 

By means of nitrous acid, urea is 
broken up into carbonic acid, water, 
and nitrogen, .OOH2H4 -f- 2HHO2 = 

C02-f3H20-f The evolution of 

gas bubbles which takes place on the 
addition of fuming nitric acid * may 
be used as a test for urea. 

The main reaction between sodium hypobromite and urea may be 
represented thus : — 

CON2H4 + 3 NaBrO = COg +-N2 + 2H2O + SNaBi;. 

[Urea.] [Sodium [Carbon [Nitrogen.] [Water.] [Sodiuni 

hypobromite.] dioxide.] . bromide-] 



Fia. 170-—- Crystals of urea. 


Side reactions of a complex nature also occur, and a small amount 
(less than 1 per cent.) of carbon monoxide is mixed with the nitrogen, 
but the reaction may -be used as a rough-and-ready method for 
estimating urea (see p. 544 ). 


f JJrcBmia, — This is the term given to the dangerous .state commonly associated 
' with unconsciousness which results fronf' severe' disease of the-kidiieyV^The^enn 
wus originally applied on the erroneous supposition that it is urea or some ante- 
cedent of urea which acts as the poison. There is no doubt that the poison is 
not any constituent of normal urine ; if the kidneys of an animal are extirpated, 
the animal dies in a few days, but there are no uraemic convulsions. In man, 
also, if the kidneys are healthy, or approximately so, and Suppression of urine 


^ * Fuming nitric acid contains nitrous acid in solution. 


.^Cl/ <-.^1-0. 
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chloride. Herhivora also' suffer' much more from, and are more 
easily killed by, acids than carnivora, their organisation not 
permitting a ready supply of ammonia to neutralise excess of acids. 

It is important to emphasise that all that has been said in regard 
to ammonia refers to urine freshly passed. All urine, if allowed to 
stand, becomes ammoniacal, as a result of the breakdown of urea by the 
micrococcus urecc. 

Creatine and Creatinine. 

,Creatihe..,is,._a,„c.onstant constituent., of muscle; its chemical 
structure is very like that of, arginine; it contains, ..a urea radical, 
and when boiled with baryta it splits “into urea and" safcosirie 
(methyl-glycine), as shown in the following equation : — 

C4H9N3O2 -t- HgO = CONgH^ + CgH^NOg. 

[Creatine.] [Water.] [Urea.] [Sarcosine.] ,, 

At present the evidence appears to be that the muscle does 
not make creatine but becomes saturated with it from the blood. 

Creatine is absent from normal urine, but it is present in the 
urine during starvation,' in acuth fwers," in women' during' involu- 
tion of the 'uterus, in the urine of Infants, and ln' ceitain other 
conditions in which there is ,r^id Iom of , migscular material. 
If it is .administered by the mouth 'lafge'amounts are retained 
and if given in excess only about appears in the urine. 

Its normal fa te in the body is unknown ; it may be converted 
into urea as in the"foregoing equation,' but injection of creatine into 
the blood-stream does not cause any increase in urea formation ; the 
creatine injected is almost wholly excreted unchanged but a proportion 
is stored in the muscles. 

Its normal origin is uncertain, but its excretion is much 
increased if glycine or glycine - rich . proteins are fed (Brand). 
Creatine is readily convertible into creatinine as shown , in the 
following equation 

C,H9N302 - H2O = C,H,N30. 

[Creatine.] , [Water.] [Creatinine.] 

The role of ; creatine-phosphate in muscle contraction has already 
been discussed. (See Chemical Changes in Muscle.) 

Creatinine, on the other hand, is am-ernkpr oduct, pro bablyL..p.f_ 
.muscle^=:nnetabolism.' ^I'rom 0’8 to I'S grams are excreted in 
the urine in twenty-four' hours; it. is, in fact, next to urea, the. 
most abundant nitrogenous substance in urine. The actual amount 
excreted.,is_apparently. proportional, to the weight of the individual, 
es pec ially to the muscular tissue possessed. It is the urinary 
constituent most constant in amount, diet having no effect on it. 
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striking contrast to urea it is alniost„an..insolubIe . substance. The forms which 
uric acid assumes when precipitated from human urine, either by tlfe adition 
of hydrochloric acid- or in certain pathological processes, are very various, the 
most frequent being the whetstone shape ; there are also bun^es of crystals 
resembling sheaves, barrels, and dumb-bells (see fig. 177). • 

The mure^de test is the principal test for uric acid. The test has received 
the name“dn 'account of the resemblance of the colour to the purple of the ancients, 
which was obtained from certain snails of the genus Murex. It is performed as 
follows ; place a little uric acid or a urate in a capsule ; add a little dilute nitric 
acid and evaporate to dryness. A" yellowish-red residue is left. Add a. little 
ammonia carefully, and the residue turns violet ; this is due to the formation of 
purpurate of amm onia. On the addition of potash the colour becomes bluer. - 

Urates. — IJric^cid do es not' .gontain the carboxyl .group'(COOH) 
which is typical of organic- acids, 'and- its reaction is neutral. 
Nevertheless'lts "hydrogen atoms are repla^able, and it acts there- 
fore as an acid, and forms hiurates (MHU). In the presence of 
strong bases it forms neutral urates (M 2 TJ), which, however, only 
exist in the solid condition, or in the presence of strong alkali; by 
water they are decomposed at once into primary urate and alkali 

In the urine and in blood are biurates mixed with uric acid 
(MHU . HgU), the so-called quadriurates . (Roberts). In gout the 
urates of the blood are increased and may he converted into less soluble ' 
isomeric forms which become deposited in the joints and other tissues. 

The quantity of uric acid excreted by an adult varies from 
0'5 to 0'75 gram daily. 

The origin "bf uric acid is dealt with under Purine, Metabolism.- 
^The acid is formed not in the ^kidneys, /but as the result of metabolic 
processes occurring' elsewhere, since if the kidneys are removed, 

* uric acid continues to be formed and accumulates in the blood and 
organs. , • . * 

Man and the anthropoid ape are peculiar in that they excrete 
uric acid withput further oxidation, but for some completely 
obscure reason this is true of the pure-bred Dalmatian coach hounds, 
although not of other dogs. 

Hippuric Acid. , 

Hippuric Acid (OgHgHOg), combined with bases to form 
^pj)urates, is present in , small , quantities in human urine, but in 
large quantities in the urine of herbivora. This is due to the 
food of herbivora contaiaiag substances belonging to the aromatic 
group — the benzoic, acid -series. If benzoic acid, is given to a 
■ man, it unites- with glycine with the, elimination of a molecule of 
water, and is excreted as hippuric acid. 

CHg.NHg CHgNH . CO . CgHg 
CgHg.COOH -f 1 =1 -1- HgO 

•COOH . COOH 

[Benzoic acid.] [Glycine.] [Hippuric acid.] [’Water 
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This is a well-marked instance of synthesis carried out in the 
animal body, and experimental investigation shows that it is accom- 
plished by the living cells of the kidney itself ; for if a mixture of 
glycine, benzoic acid, and blood is injected through the kidney (or 
mixed with a minced kidney just removed from the body of an 
animal), hippuric acid is found to have been formed. In the 
conversion of benzoic into hippuric acid which occurs in herbivora, 
the necessary glycine comes from the kidney itself. 

• The Inorganic Constituents of Urine, 

The inorganic or mineral constituents of urine are chiefly chlorides, 
phosphates, sulphates, and carbonates ; the metals with which these 
dire in combination are sodium, potassium, ammonium, calcium, 
and magnesimn. The total amount of these salts varies from 19 to 
25 grams daily. The most abundant is sodium chloride, which 
averages in amount 10 to 16 grams per diem. These substances 
are derived from two sources — from the food, and as the result of f 
metabolic processes. 

Chlorides. — The chief chloride is that of sodium. The ingestion 
of sodium chloride is followed by its appearance in the urine, some 
on the same day, some on the next. Some is decomposed to form 
the JbydrjDchloric. acid of . the gastric juice. The salt in the body 
fulfils the useful office of stimulating metabolism and secretion. 

Sulphates, — The sulphates in the urine are principally those 
of potassium and sodium, and arise normally from the sulphur- , 
containing amino-acid cystine and its decomposition product ethyl 
mercaptan (CoH^SH). The sulphates vary in amount from 1*5 to 3 
grams daily. (See Lewis, 1924.) 

The sulphur of the proteins of the diet in passing through the 
liver becomes completely oxidised to form 4,norqa nic sulpha ^s. That 
however which is derived from breakdown of dystine^f body 
proteins for the most part escapes the liver, which from the circu- 
latory point of view is parallel to the kidney and is not converted 
into ordinary sulphates to any great extent, but appears in the urine 
partly as ethereal sulphates, and partly as certain obscure but not 
fully oxidised sulphur compounds * ; it is usually spoken of asjieutral- 
Qvunoxidiscd sulph^tr, which therefore, like creatinine, bears a direct 
relation to endogenous metabolism. 

The dhereal sulphates just mentioned form about a tenth of the 
total sulphates. They are combinations of sulphuric acid with 
organic radicals, and the greater part of them originate from putre- 
factive changes in the intestine. The cliief of these ethereal 

* These include cystine, oxyproteic acid, alloxyproteic acid, and methyl 
mercaptan. 
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sulphates are phenyl-sulphate of potassium and indoxyl-sulphate of 
potassium. The ' latter originates from the indole formed in the 
intestine, and as it yields indigo when treated with certain reagents 
it is sometimes called indican. 

The formation of these sulphates is i mportant; the aromatic 
substances liberated putrefactive' ■'pfbcessesyin the intestine 
are poisonous, hut their conversion into ethereal sulphates renders 
them harmless. . , . ■ 

The equation representing the formation of potassium phenyl-sulphate is as. 
follows : — ' ■ , 

C5H5OH + S02<^gg = jjA 

[Ph^ol.] [Potassium (Potassium , [Water.] 

hydrogen phenyl-sulphate.] * 

. sulphate.] 

Indole (CgH-^N) on absorption is converted into indoxyl : — 

‘ /C.OHiCH 
CeHZ I 

\nh I 

The equation representing the formation of potassium indoxyl-sulphate is as 
follows : — 

CsHvNO + S02<^gg = S02<^gjp8HeN ^ ' 

[Indoxyl.] [Potassium [Potassium ‘['Water.] 

hydrogen Indoxyl-sulphate.] 

sulphate.] 

Car'bonateB. — Carbonates and bicarhonates of sodium, calcium j 
magnesiuni, ’and ammonium are present only in alkaline urine. They * 
arise from the carbonates of the food, or from vegetable acids (malic, 
tartaric, etc.) in the food. They are therefore found in the urine 
of herbivora and vegetarians, whose urine is thus rendered alkaline. 
Urine containing carbonates, becomes, like saliva, cloudy on standing, 
the precipitate consisting of calcium carbonate and also phosphates. 

Phosphates. — Two classes of phosphates . occur in normal urine, 
but the actual salts found depend on the reaction of the urine. 

(1) Alkaline phosphates — that is, phosphates of sodium (abundant) 
and potassium (scanty). 

(2) Earthy phosphates — that is, phosphates of calcium (abundant) 
and magnesium (scanty). 

- The composition of the phosphates in urine is liable to variation. 
In acid urine the acidity is due chiefly to the ' acid salts, sodium 
dihydrogeu phosphate, NaHjPO^, and calcium dihydrdgen''phosphate)''' 
Ca(H 2 P 04 ) 2 . 

In alkaline urine . the alkaline phosphates, disodium- hydrogen 
phosphate, NagHPO^, calcium hydrogen phosphate, CaHPO^, and 
magnesium hydrogen phosphate, MgHPO^, predominate. In neutral 
urine there is a mixture of the acid and alkaline salts. 

The earthy 'phosphates . are precipitated by rendering the urine 


538 


THE UBIHE 


[CH. XXXYIL 


alkaline by ammonia. In decomposing urine, ammonia is formed 
from the urea. The i^hosphates are precipitated as a white creamy 
precipitate of: — 

( 1 ) Triple phosphate or ammonio - magnesium pliosphate 
(]SrH 4 MgP 04 + 6Ho0). This crystallises in “ coffin-lid ” knife-rest 
crystals (see fig. 178) or feathery stars. , 

(2) Stellar phosphate, or calcixim phosphate ; this crystallises in 
star-like clusters of prisms. 

As a rule normal urine gives no precipitate when it is boiled ; but 
sometimes neutral, alkaline, and occasionally faintly acid urines give a 


precipitate of calcium phosphate when boiled because of the dissolved 
COo bmng' driven off: this precipitate is amorphous, and is liable to be ; 
misteken for albumin. It may be distinguished readily from albumin, 
as it is soluble in a few drops of acetic acid, whereas coagulated 
protein does not dissolve. 

The urinary phosphates 'originate from the phosphates of the 
food, but are partly decomposition products of the phosphorised 
organic materials in the body, such as lecithin and nuclein. It 
has been found that to supply this waste a supply of 2*25 grams 


PO 4 is necessary but the 



diet is not usually deficient and the 
amount of P 2 O 5 in the twenty-four 
hours' urine varies from 2*5 to 3*5 
grams, of which the earthy phosphates 
contain about half (1 to 1*5 gr.). The 
urine also contains minute quantities 
of organic phosphates, for instance, 
glycero-phosphates. 

Testa for the Inorganic Salts of Urine. — 
Chlorules , — Acidulate with nitric acid and add 
silver nitrate ; a white precipitate of silver 
chloride, soluble in ammonia, is produced- The 
object of acidulating with nitric acid is to prevent 
„ . , . . , phosphates being precipitated by the silver nitrate. 

Su^p/m^^.-AcidiUate with hydrochloric acid, - 
and urate of ammonium, from urine and add barium chloride. A white precipitate 
wiiich had undergone alkaline for- of barium sulphate is produced.* Hydrochloric 
mentation. again added first, to prevent precipitation 

of phosphates. 

Phosphates. — i. Add ammonia ; a white crystalline precipitate of earthy (that is, 
calcium and magnesium) phosphates is produced. This becomes more apparent on 
standing. Tlie alkaline (that is, sodium and potassium) phosphates remain in solution, 
ii. Mix another portion of urine with half its volume of nitric acid; add ammonium 
molybdate, and boil. A yellow crystalline precipitate falls. This test is given by 
both classes of phosphates. 


Urinary Deposits. 

The formed or anatomical elements may consist of blood- 
corpuscles, pus, mucus, epithelium cells, spermatozoa, casts of the 
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urinary tubules, prostatic threads fiiutri nv.,! ..v,., 
with the exception of a small quantity’ of spernmu' 
which forms a flocculent cloud in the urine are^nS? 
the microscope is chiefly employed in their de’tectiou '”''1 

The chemical substances are uric acid, urates calciun^ i ■ 
calcium carbonate, and phosphates. . Barer forms are .i 
ty^ine^ntMne^and cystine. These are of cohsiderablhimbOTr”^'^’ 
in meflicme, as their formation in the urinary passages mav 
the formation of “stone” or of “gravel,” which leads to obstruction 
or to pain. The recognition and treatment of the condition depend ■ 
on the microscopical examination of the deposits. "We shall, however 
here consider only the commoner varieties. ’ 

Deposit of Uric Acid. — This is a sandy reddish deposit resembling 
cayenne pepper, occurring in an acid urine. It 'may be recognised by 
its crystalline form (fig. 177, p. 534) and by the murexide reaction. 
The presence of these crystals generally indicates an increased 
formation of uric acid, which, if excessive, may lead to the formation 
of stones or calculi in the kidney and bladder. 

Deposit of Urates. — This “brick dust” deposit is much 
commoner than uric acid, and may occur in concentrated normal 



urine when it cools. It is generally found in the concentrated 
urine of fevers; and there appears to be a kind of fermentation, 
called the acid fermentation, which occurs in the urine after it has 
been passed, and which leads to the same result. It has a pinkish 
colour due to the pigment uro-erytlirin, and dissolves upon warming 
the urine. It is usually amorphous, but crystalline forms similar to 
those depicted in fig. 178 may occur. Crystals of calcium oxalate 
may be mixed with this deposit (see fig. 179). 


Deposit of Calcium Oxalate.— This occurs in envelope crystals (octahedr^or 
dumb-bells. It is insoluble in ammonia, and in acetic acid. It is somoie wun 
difficulty in hydrochloric acid. i 

■ stones found in the kidney. 


ammonia, and in acetic acid. is somu 
Calcium oxalate calculi are the commonest kind of 
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Deposit of Cystine.— Cystine (C 6 HioNaS 204 ) is recognised by its colourless 
sbc-sided crystals (fig., 180). These are rare:" they occur only in acid urine, and 
they maj- form concretions or calculi. Cystinuria (cystine in the urine) is 
hereditary. 

Deposit of Phosphates. — These occur in alkaline urine. The 
urine may be alkaline when passed, due to fermentative changes 
occurring in the bladder. All urine, however, if exposed to the air 
(unless the air is perfectly pure, as on the top of a snow mountain) 
will in time become alkaline, owing to the growth of the micrococcus 
urccE. This forms ammonium carbonate from the urea. 

CONgH^ + 2H2O = (NHJaCOg. 
tUreaO [TVater.] lAmmonium 

carbonate.} 

The ammonia renders the urine alkaline and precipitates the 
earthy phosphates. 

All these phosphates are dissolved by acids, such as acetic acid, 
without effervescence. 

A solution of ammonium carbonate (1 in 6) eats magnesium phosphate away 
at the edges : it has no effect on the triple phosphate. A phosphate of calcium 
(CaHPO^ + 2H3O) may occasionally be deposited in acid urine. Pus in urine is 
apt to be mistaken for phosphates, but can be distinguished by the microscope. 

Peposlt of Calcium Carbonate, CaCOg,. appears but rarely as whitish balls 
or biscuit-shaped bodies. It is commoner in the urine of herbivora. It dissolves 
in acetic or hydrochloric acid, with effervescence. 


Pathological Ueine. 

Under this head we shall briefly consider only those abnormal 
constituents which are most frequently met with. 

Proteins. — There is no protein in normal urine, and the inost 
common cause of the appearance of albumin in the urine is disease 
of the kidney (Bright’s disease). The term “albumin” is the one 
used by clinical observers. Properly speaking, it is a mixture of 
serum albumin and serum globulin. 

Tests. — (1) Heat — Boil the top layer of half a test-tubeful of, 
urine. If protein is present a cloud or a denser coagulum appears. 
The urine, if not already acid, should be previously acidified with 
acetic acid, as otherwise a cloud of phosphate may appear on heating 
because of expulsion of CO,; the cloud of phosphate is soluble in 
acetic acid. (Compare Pus below.) 

(2) Nitric Acid (Heller). — Eun a drop of cold, concentrated nitric 
acid down the side of a test-tube containing a little urine. ,If 
protein is present a precipitate appears round the drop. 

(3) Salicylsulphonic acid causes a white precipitate in the cold 
if protein is present. 
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' Glucose.— N'ormal pine contains no sugar or so little that fn 
•'clinical purposes: it may be considered absent.. .The conditions in 
which glycosuria occurs are described on p. 480., Diabetic uV 
may contain, for reasons described in relation to the metabolism^ of 
fat (p. 489), acetone__and aceto-acetic or diacetic acid. The 
presence of. the aceto-acetic acid is specially important on.” account 
of its toxicity, and it indicates also the probable presence of R. 
hydroxy-butyric acid. The specific gravity of a urine containing 
sugar is higk / . >. .. .. & 


Tests for Glucose.— {X) Take 5 c.c. of Benedict’s solution and add 8 drops 
of urine and boil for 10 minutes. Greenish turbidity with small red deposit on 
standing = trace. Precipitates indicate amounts — greenish-yellow + , yellow + + , 
orange + + + , brick-red + + + + . 

(2) The fermentation test. Half fill a test-tube with the urine and add a little 
yeast. Fill up the tube with mercury ; invert in a basin of mercury, and leave it 
in a warm place for twenty-four hours. The sugar will undergo fermentation ; 
carbonic acid gas accumulates in the tube, and the liquid no longer gives the tests 
for sugar, or only faintly, but gives those for alcohol instead. The specific gravity 
falls. Thephenylrhydrazine test may also be applied to distinguish between glucose, 
lactose; and pentose. 

The following Fallacies in Dehling’s test should be noted : — 

(1) Lactose ma y occur in the urine of nursing mothers. 

(2) Fructose, pentoses, and other sugars are found but rarely. 
Pentoses occur in certain individuals after the eajbing of certain 
fruits, apples, plums, cherries, and turnips, and sometimes after beer. 

(3) Glycuronates. — These are present when the body is getting 
rid of certain abnormal substances, e.g. phenols formed from intestinal 
decomposition, or certain drugs, chloral, camphor, salicylates, chloro- 
form, turpentine, morphine. These substances become Linked to 
glycuronic acid (OgHioO^), an oxidation product of glucose. The 
terminal CHO is free and reduces the copper like glucose itself. 
This, like the formation of ethereal sulphates, is an example of 
protective synthesis and appears to occur in the liver. 

(4) Homogentisic Acid.— This occurs in the rare condition of 
alkaptonuria, which results from the faulty metabolism of tyrosine. 
The urine if exposed to the air becomes dark. 

Discolorisation of the Fehling’s solution, usually -without actual reduction, may 
be caused by excess of urates or creatinine. .. 

Bothera's Test for Acetone.— Saturate the urine with ammonium sulphate, so 
as to lea-ve some crystals undissolved at the bottom of the tube. Add a few drops 
of a fresh dilute solution of sodium nitroprusside and a little 10 per cent, ammonia. 
Acetone gives , a purple permanganate coloration. If the colour develops rapidly 
and deeply, aceto-acetic acid is also present. , . , - 

Test for Aceto-acetic Acid.— Ferric chloride , gives a wine-red colour which is 
destroyed by boiling. Aceto-acetic acid results from faulty fat metabolism, and 
may therefore be present in diabetes, starvation, and hypoglycsemia produced by. 
insulin. 
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Bile. — This, occurs in jaundice. The urine is dar k-br own, . 
greenish, or in' extreme cases almost black in colour. 

Gmclin’s test for bUe pigments consists in a play of colours — 
green, blue, red, and finally yellow, produced by the oxidising action 
of fuming nitric acid (that is, nitric acid containing nitrous acid in 
solution). The end or yellow^ product is called choletelin, 

The test is carried out by dipping a piece of filter paper into the 
urine, allowing it to dry and placing on it a small drop of the acid. 

Hay's sulphur test for bile salts. If some flowers of sulphur 
{i.e. finely powdered) are sprinkled on the surface of normal urine 
they remain floating on the top. If bile salts are present even in 
small quantities, the fine sulphur particles fall down to the bottom 
of the vessel in wliich the urine is contained; this is due to,. a 
lowering of surface tension which bile salts produce. 

Blood. — ^When haemorrhage occurs in any part of the urinary 
tract, blood appears in the urine. If a large quantity is present 
the urine is deep red, if a small quantity only occurs then the urme 
looks “ smoky.” Microscopic examination then reveals the presence 
of blood-corpuscles, and on spectroscopic examination the bands of 
oxyhaemoglobin are seen. The urine also contains albumin. 

The blood pigment mayTunder certain conditions, appear in the 
urine without the presence of any blood-corpuscles at all. This 
is produced by a disintegration of the corpuscles occurring in the 
circulation. The condition so produced is called 
it occurs in several pathological states, as for instance in the tropical 
disease called “Black-water fever.” The pigment is in the condi- 
tion of methsemoglobin mixed with more or less oxyheemoglobin, and 
the spectroscope is the means used for identifying these substances. 

Test for Blood Pigment. — To a little urine in a test-tube add a 
few drops of guaiaconic acid (or of tincture of guaiacum, which is 
less sensitive) ; shake, and add an equal quantity of ether containing 
hydrogen peroxide. The presence of blood is shown by a blue ring 
at the junction of the two fluids. The blue colour is due to oxidation 
of the guaiaconic acid by hydrogen peroxide in the presence of 
luemoglobin. The test is given by saliva, which contains peroxidases ; 
these are destroyed by boiling; solutions of hiemoglobin (or blood) 
still give the test after they have been boiled. 

The urine of a patient who is taking iodides gives the guaiacum 
reaction, even after the urine has been boiled. 

Benzidine test. — A knife point of benzidine is dissolved in 3 c.c. 
glacial acetic acid and 10 drops of this mixed with 3 c.c. hydrogen 
peroxide. Tliis gives no colour change. Blood causes a green or 
blue colour to appear in three minutes. 

Microscopic test. — ^Blood-corpuscles may be seen after the urine 
has been centrifuged and the deposit examined. (The most reliable.) 
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":,:-^Mucus forjQS a ..flocculent cloudiness in the urinej insoluble in 
acetic acid, soluble in potash. A small amount occurs normally. 

Pus_occurs in^^e urine as -the. result of suppuration, in any part 
of tbe_uriMi:y tract. It forms a white sediment resembling that of 
phosphates, and, indeed, is often mixed with phosphates. The pus- 
corpuscles may, however, be seen with the microscope ; their nuclei 
are rendered - evident by treatment with 1 per cent, acetic acid, and 
the pus-corpuscles are seen to resemble white blood-corpuscles, which, 
in fact, they are in origin. They dissolve in glacial acetic acii 

Some of' the protein constituents of the pus-cells — ^and the same ' 
is true for bipod — ^pass into solution in the urine, so that the urine, 
pipetted off from the surface of the deposit gives the tests for protein. 

On the addition of liquor potassae to the deposit of pus-cells a 
ropy gelatinous mass is obtained. This is distinctive. Mucus treated 
in the same way is dissolved. 

Amino-Acids. — Normal urine contains traces of glycine. Leucine, 
tyrosine, and other amino-acids may be present after extensive 
disintegration of tissue protein, such as occurs in acute atrophy of 
the liver. In the latter condition urea is almost absent from the 
urine and there is a considerable increase in the ammonia. , The 
amino-acids in such circumstances escape further decomposition 
and pass unchanged into the urine. Cystine' may occur as a rare 
anomaly of metabolism. Associated virith cystinuria one often finds 
diaminuria, that is, the passage of diamines into the urine; these 
are known as cadaverine (OgHj^Ng) and putreseine and 

are the result of the removal of OOg from the diamino-acids lysine 
and ornithine respectively. 



f AXX 

vrinb {contimied) 

Total Nltrogen^TT-,. 

Sessi" 

3*- 

ammonia and enables nn ^ amount of di^° 

P03e?r£? “-=r :i 

sSe?:£“rS. “5{S r- - a.. , 

experiment 1 melhod and dednif?°^®‘^ 

^iich c;4f;|>^ed as ZLtd\T^ 


i-a^eu witiim a rvliZr fcubino- n-u M 

aS^r^^* 

'“‘its piy- 

^ PiEcb-coct closed L . a T niT. "tf ‘ie 

"«d Certh""^^ <^ie top ^he tbir 

"•Web tbe ontS^^'^v^S tube untij'ff^'''’®- ^P^Ztlf Z^S an, 

a~S ttStfS4“ « at"^rSS“'rtS 

■ •’“■ ‘ • i-r-i cf^'i t 

^t again. Tilt 


CH. XXXVIII.] ' ESTIMATIONS 545 

fche bottle A so as to upset the urine, and shake well for a minute 
or so. During this time there is an evolution of .gas. Then immerse 
the bottle in a large beaker containing water of the same temperature 
as that- in the cylinder. After two or three minutes raise the 
measuring tube until the surfaces of the water inside and outside 
it are at the same level. Dead’ off the amount of gas (nitrogen) 
evolved. 354‘0 c.c. of_ nitrogen are yielded 
by I’O gram of urea. From this the 
quantity of urea in the 5 c.c. of urine and 
the percentage of urea can be calculated. 

•If the total urea passed in the twenty-four 
hours is to be ascertained, the twenty-four 
hours’ urine must be carefully measured and 
thoroughly mixed. A sample is taken from 
the total for analysis, and thus the total 
amount of urea is ascertained. 

Blood Urea. — In clinical work it. is fre- 
quently necessary to compare" the conceUtra- 
tions of urea in blood and urine. The blood, 
after removal of the proteins, is treated with 
soya-bean meal (containing urease) in an acid 
phosphate solution; the urease converts the 
urea, but none of the other, nitrogenous 
constituents of the blood, into__arQmqnium 
carbonate. The solution is then rendered 
alkaline with potassium carbonate and the 
ammonia drawn off by suction into a measured 
amount of standard acid. Subsequent titra- 
tion of the acid indicates the amount already 
neutrahsed by the ammonia Liberated from 
urea, thus the percentage of urea can' be 
calculated. Normally tliis varies from about 
20 mgms. per cent, in yoimg people to 40. or 
50 in older persons. 

Ammonia — Sorensen’s Method. — "When 
neutral solutions of ammonium salts are ’fppl^Stusf ° 

treated with an excess of formaldehyde, the ’ . ■ 

compound hexamethylene tetramine (urotropine) is formed, with 
the liberation from the ammonium salt of a corresponding amount 
of acid (4NH4OH-6CH2O = N4(CH2)64-6H204-4HC1) which can 
be titrated in the usual way. The formaldehyde method gives 
fairly, accurate results. Urine (60 c.c.) is stirred with basic lead 
acetate (3 gms.) (to remove nitrogenous compounds which interfere 
with the subsequent reaction) and filtered ; potassium oxalate (2 gms.) 
is added to the filtrate which is again stirred and filtered. The clear 

S 
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filtrate (10 c.c.) is diluted with distilled water (50 c.c.) and a few 
drops of phenolphthalein (1 per cent.) and potassium oxalate 

(5 gms.) added. The mixture, if acid, is neutralised with ^ aSTaOH, 

l^eutralised formalin (20 c.c. of 20 per cent.) is finally added. The 
acid thus liberated according to the above equation is then titrated with 
N N 

Jq NaOH. Each c.c. of NaOH used to restore the pink colour 
corresponds to 0*0017 grm. NHg. 

Aeration (V an Slyke). — ^This gives more accurate results than the 
formaldehyde method. The urine is made strongly alkaline with 
potassium carbonate which decomposes the ammonium salts. The 
liberated ammonia is drawn by suction into a measured amount 
of standard acid. The excess acid not required for neutralising 
the ammonia is estimated by titration and this subtracted from 
the original quantity of acid gives the amount equivalent to the 
ammonia. 

Sugar. — The estimation depends on the power of monosaccharides 
in virtue of their free CHO group to reduce cupric hydrate in 
alkaline solution to cuprous oxide. 

Fehling's solution consists of (1) copper sulphate dissolved in 
distilled water; (2) Eochelle salt^ dissolved in dilute solution of 
caustic soda. The two solutions are mixed and diluted to a Litre. 

Benedict's solution, which is now generally preferred, is a similar 
alkaline solution of copper sulphate containing potassium tliio- 
cyanate, wdiich forms a wliite precipitate with the cuprous oxide 
formed so that the latter does not obscure the blue colour of the 
sulphate. It is usually made up so that 25 c.c. of the solution 
are reduced by 0’05 gm. glucose. 

10 c.c. of Fehling's or 25 c.c. of Benedict's solution are diluted 
and^ boiled in a porQelain basin. Into this the urine is run from a 
burette until the blue colour of the copper sulphate disappears. 
From the amount of urine used the percentage of sugar contained 
is calculated. If over 1 per cent, is found, the urine is diluted five 
or ten times and the procedure repeated. 

* The Rochelle salt (and sodium citrate in the case of Benedict’s solution) keeps 
the copper in solution. 
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The necessity for the maintenance of a constancy of the internal 
environment was first appreciated by Claude Bernard, who refei’red 
to it as “ La fixitd du milieu interieur,” which he pointed out is the 
condition of free and independent life. The general problem, of what 
may be called homeostasis is well discussed by Cannon, 1929. ■ 

For practical purposes this means that every hVing cell must, 
in order to preserve its normal activity, be surrounded by a fluid 
with certain physical and chemical characteristics, capable of supply- 
ing it with nourishment and with oxygen, and at the same time 
permitting the products of its’ metabolism to escape from it. In 
the case of the single-celled organism, the external environment 
fulfils these latter requirements, but the environment 6f the more 
highly evolved organisms is so complicated and variable that very 
special mechanisms have become necessary to provide for each 
cell in the body its suitable environment. Each cell is bathed 
in lymph or tissue fluid which is more or less in equilibrium with 
the blood and for practical purposes, therefore, we. may in this 
connection consider, the various processes which mam tain constant 
the composition of that fluid. The so-called hlood constants are not 
absolute, but are the limits of its variability beyond which the 
usual function of the cells it supplies is impossible. 

In order to maintain any constituent of the blood constant, it is 
necessary either to have an unlimited immediate supply from the 
external environment or to have accessible . storage in the body 
which can be released on demand. The stoi’age may be localised in 
certain regions of the body or generalised and must be replenished 
from • time to time if its amount becomes reduced. In some, 
cases an overflow mechanism is provided, should the charging become 
excessive and a fine adjustment is provided in regard to excretion. 
Usually the latter is supplied by the selective powers of the body 
of the kidney tubules to reabsorb substances required ‘by the cells. 

"Water and Water Balance. 

Students reading this section should familiarise themselves 
with the physico-chemical principles governing the passage of fluids 
through membranes (p. 291). 

547 ■ , ■ 



.548 THE COKSTAXCT OF THE INTERNAL ENVIRONMENT [CH. XXXIX. 

"Water is essential„,for„aJl,_ bodily . processes and particularly 
for the transfer of substances from one part of the body to another. 
It is present normally as “ free^Avater ” in which a large variety 
of salts are dissolved, but some may be “ bound water ” as part .of, 
or attached to, protein molecules where it is less generally available. 

The amount of water is approximately constant in the blood 
and tissues of the body. This is about 70 per cent, of the soft 
tissues generally ."but the exact figure depends on the power of 
the body to hold water, the amount of water taken in and the 
amount excreted, formally the need of the body for water is 
indicated by the thirst, provided concentrated substances such as 
salt, sugar, or alcohol have not dehydrated the nerve-endings of 
the tongue (see Thirst). 


Input 

_ 1 _ 


THE WATER BALANCE 


Output 


r 



The source of the water of the body is the diet, not only the 
water we take as such or in various beverages, but that which is 
an essential constituent of articles of food, such as green vegetables 
(over 90 per cent.), fruit (over 85 per cent.), and meat (over 
50 per cent.). 

In addition we manufacture water by the oxidation of the 
hydrogen in most dry foods, such as carbohydrates or fats. The 
volume of oxygen taken in in excess of COg given out is that used 
in the oxidation of the hydrogen of fats, but much more water 
is produced in the oxidation of the hydrogen of the carbohydrate 
molecule for more carbohydrate than fat is normally used. Water 
is also released in other chemical reactions, such as the building-up 
of condensation product* Of the total excreted about 40 per cent, 
is produced in these ways. It is calculated that an ordinary mixed 
diet of about 3000 calories produces about ^300-c.c.^ of water. . 

Water loss occurs from the skin, the respiratory tract, the faeces, 
and the kidney. On occasions it may also be lost in expectoration. 
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tears, .haemorrhage,' etc. Normally the water loss is balanced ' by 
the intake and that manufactured from foods. (See fig. 182.) 

Excessive-water. loss is prevented automatically by the increased 
concentration-.of . the ..blood, raising its osmotic pressure so that 
capillary pressure and thereby the production of urine and sweat 
is counteracted. If, for example, there is excessive sweating it 
eventually stops, but this may be followed by profuse perspiration 
a few minutes later after taking a glass of cold water. 

The kidney, which excretes three times as much water as the 
skin or respiratory tract, may be looked upon as the fine_ adjustment 
of wa,ter-'loss7'for in virtue of its glomerular membrane it responds 
most readily to the concentration of the blood and the blood- 
pressure. If excessive water is lost by any other route of excretion 
the water loss by the kidney is reduced. . Thus excessive sweating, 
vomiting, or diarrhoea causes a reduction in the amount of urine. 
The amount lost by the respiratory tract varies” in different animals. : 
Those which do not sweat excrete larger quantities by the respiratory 
tract as is suggested by the panting — ^rapid- shallow respiration — 
of dogs and sheep on hot days. • 

If there is excessive loss_ compared with intake for a prolonged 
time the reduced blood volume and fall of capillary pressure leads 
to a withdrawal of fluid from the tissues, the skin becoming 
obviously shrunken in appearance'. Tl^amount- of- .water., lost is 
determined roughly...by -the. amount taken in, but if salt is , taken 
in at the same time it may be held in the body temporarily until 
the salt is excreted. Thus if 1000 c.c. of additional water is drunk 
it is excreted in about three hours, but if this amount of a solution 
of sodium chloride or sodium bica,rbonate is taken the excretion 
may be delayed for forty-eight hours. (See Adolph, 1923.) Food, 
likewise, may hold up the absorption and excretion of ingested 
water. Other salts, such as magnesium sulphate, are either hot 
wholly absorbed from the alimentary canal or are excreted more 
rapidly by acting as diuretics. Calcium salts reduce ■ the power 
of the tissues to hold water. 

The ingestion by the mouth or even the intravenous injection 
of isotonic salt solution produces, however, a very transient efiect 
on the blood volume, the additional fluid rapidly passing into the' 
tissues because of the increased capillary pressure and reduced 
osmotic pressure it tends to produce. In excess it tends to 
accumulate in the serous cavities and the muscles. 


If the water loss has' been accompanied by excessive loss of 
salts, as in the case of sweating, the taking of water to replace that 
lost is not sufficient; indeed, it may actually so aggravate .the... 
condition by promoting sweating that the unconsciousness which 
occurs js called^" water in toxication,” a term introduced in hot 
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mines in America where this condition is liable to occur. Sodium 
chloride seems to be the chief salt concerned and is discussed below. 

The activity- of the kidney is determined by the permeability 
of the capillary walls of its glomeruli and tubules ; indeed, it is 
the histology of the capillary walls generally which may be looked 
upon as determining the osmotic pressure of the blood and the 
blood-pressure. (Peters, 1935; Mariott, 1923; McLean, 1925; 
Eowntree, 1922; Starling, 1909: Van Slyke, 1926.) 

Sodium Chloride. — ^Although in the blood the content of sodium 
chloride remains constant, the mechanisms by which it is brought 
about_jare_ by _np,jneans clear. It is known that the sodium and 
chloride content may vary independently and it is probable that 
w^e may consider the sodium as part of the general alkali reserve. 
It is necessary, as we have seen, for the maintenance of the heart- 
beat, and its salts assist materially in maintaining osmotic relation- 
ships generally. (See Macallum, 1926.) 

"Sodium chloride is stored particularly in the skin, whence it 
may be drawn if the salt intake is deficient. The storage becomes 
apparent in sodium chloride deprivation, when the skin content 
is materially reduced. When then a known amount is administered 
there is a considerable retention even if a water diuresis is produced 
(Baird and Haldane). It has also been shown that the chloride- 
content of the blood varies inversely with the carbon dioxide content 
(Oliristy). - 

The retention of sodium chloride is profoundly affected by 
removal of the adrenal cortex probably because its hormone is 
intimately concerned with the maintenance of capillary permeability. 
Excessive loss of chlorides may occur from excessive sweating and 
leads to ‘‘ miners* cramp ” and even to unconsciousness and death. 
In hot mines and in hot desert climates man and animals both find 
it beneficial to drink salines. Excess salt loss may occur from 
continuous vomiting or when large quantities of ascitic fluid are 
frequently removed from the abdominal cavity. Excessive fatigue 
and general exhaustion are usual symptoms (McCance). There may 
be a marked loss of weight and impaired kidney function. 

Sodium is the chief metallic ion of the body fluids as its salts 
care freely soluble, but it does not permeate membranes easily. If 
the heart or muscles are deprived of sodium they cease to be 
excitable. 

Potassium Chloride. — Potassmm exists in free ionic form in all 
plants in which it is necessary for the formation and function of the 
green pigment chlorophyll. Deprived of it plants will not grow. 
In animals it is the natural antagonist to calcium for the blood 
maintains a Ca/K balance. Young rats deprived of potassium will 
not grow. It is the most radio-active element in the body. It is 
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the chief metallic ion inside cells and is released in nerve tissues 
when they conduct impulses, (Vanhems, 1934). The potassium must, 
however, always be proportional to the calcium of the blood (as has 
been seen in relation to the heart-beat). Its storage is seen by its 
rapid disappearance from the blood if injected intravenously, while it 
reappears from the liver on sympathetic or adrenaline stimulation 
(D’Silva), but otherwise nothing is known regarding- its control. A 
high intake of potassium salts increases the excretion of sodium salts. 

Calcium Salts. — ^Calcium is probably necessary for the proper 
activity of every living, cell. It is Secessary for the contraction 
of ail muscles, including that of the heart, for the Sotting of blood 
and of milk, for the action of some enzymes, and for the. formation’s 
of bone. Calcium is commonly precipitated in the region of chronic 
irritation or infection, e.g. in infected glands. It is also laid , down 
in diseased blood-vessels which may become quite rigid and brittle 
like pipe-stems. The blood calcium is maintained at about 10 mgs.! 
per TOO C-C.,i)f serum and exists in three forms. About 45 per cent.1 
of this is non-diffusible and in 'organic combination, and of the ' 
diffusible 35 per cent, is ionized. We can say, therefore, that the 
active blood calcium is only about one-fifth of the whole. 

Calcium is absorbed from the food since in neutral or alkaline 
solution the calcium salts are precipitated especially, as carbonates 
and phosphates. Some biochemists hold that absorption takes place 
chiefly in the jejunum where the reaction is most acid and is 
greatly facilitated by fats and lactose which produce fatty acids 
and lactic acid, but it is doubtful if the jejunum is acid' in the 
living animal.* Its absorption probably depends more on bile salts, j 
amino-acids and vitamin D, as stated on p. 3*74. Calciu m i s store d 4 
in the bones. Birds, under the influence of their sex hormones grow 
special bone in the medullary cavities of their long bones as a calcium 
storehouse to be drawn upon for egg-shells just as mammals dmw upon .. 
bone calcium stores for milk. If . .absorptionAs- inadequate, faulty j 
ossification of the bones takes place. (See Yitamin D and Eickets.) i 
Calcium is excreted by the large intestine and kidney, but little is 
known about its excretion.- In the maintenance of the blood calcium , 
constant the parathyroid glands play an irnportant role. 

There is increasing evidence from experimental work on isolated 
tissues that the calcium-potassium balance in the blood is. of the 
utmost' importance, and although no di^ases have as yet been 
shown clearly to be, due to an imbalance it seems most probable 
that it will one day have a more practical signiflcance. ’ (See 
Blunter and Hess, 1929.) 

* Killing or anaesthetisation of the animal relaxes the pylorus and allows acid 
tlirough. *' , ' 
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The Parathyroid Glands, 

These are small bodies, usually four in number,'; situated near 
or embedded in the substance of the thyroid. They are made up of 
elongated groups of polyhedral cells, bound together by connective 
tissue, and well supplied with blood-vessels. In addition to these 
chief cells, eosinopMle cells are found in small numbers. Some have 
supposed that parathyroid is only immature thyroid tissue, but a 
study of development shows that the parathyroids have a different 
embryonic origin from the thjToid, and in the lower vertebrates the 
two organs are entirely distinct. Most of the facts concerning the 
thyroid were discovered previous to the recognition of the para- 
th}T:oids, and it has gradually become evident that ^ in removing the 
th}Toid it was really the simultaneous removal of the parathyroids 
wliich caused the nervous symptoms. The most prominent' signs 
after extirpation of the parathyroids are those of tetany (muscular 
spasms and tmtchings). 

When Schiff removed the thyroid gland in dogs he found that 
some did not die for some time, but others died in convulsions after 
a few days. Later work showed that in the animals and human 
beings which died rapidly after operation the loss of the parathyroid 
glands was really responsible. To-day when the thyroid is removed 
in the treatment of goitre two parathyroids are left with the lower 
poles of the gland. 

In 1909 MacCaUum and Yoegtlin found that in. tetany there was 
a reduction of the blood calcium, but it was not until Collip prepared 
an active extract in 1925 that the relationship was accepted. An 
animal in which the parathyroids are removed is convulsive, has 
an excessively rapid heart, and would die from exhaustion within 
forty-eight hours; but it may, by the injection of the extract, be 
kept alive. Further, the blood calcium, which may have fallen to 
about half the normal 10 mgr. per 100 c.c. of blood, will rise, 
possibly well above normal As the blood calcium rises there is 
a corresponding fall of blood phosphorus. 

On the other hand, it is found that if excessive parathyroid is 
administered the blood calcium may become double the normal, 
and instead of there being the hyperexcitability seen above, there 
is a general depression of the nervous system with drowsiness, 
muscular flaccidity and unconsciousness, which results in death. 
Clotting of the blood occurs in the vessels immediately after death.- 

Glandular tumours of the parathyroid have" now been described 
in man. . Such subjects show softening of the bones as a result of 
increased calcium mobilisation, but the condition is now recognisable 
before the nervous symptoms appear. 

An excessive loss of calcium occurs in the female when pregnant 
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or- lactating,,.and if the diet is deficient in calcium the serious j 
condition of osteomalacia which is associated with generalised i 
softening of the 'bones may occur. The disease is seen not 1 
infrequently m China and India. ... In cows after calving the similar i 
but rapidly fatal disease of “milk fever” was seen commonly in 
Britain. The recovery of the animal almost at the point of death 
if calcium is administered as calciurn gluconate, or if air is injected 
into the udder to prevent calcium excretion, is dramatic. 

There is, however, considerable doubt as to how parathyroid acts. . . 
It may affect the osteoclastic cells of bones directly, but it may act 
indirectly by an action on the kidneys. The latest work appears to 
support this view. For example, the rise of blood calcium produced 
by parathyroid extract is prevented by removal of the kidneys, 
tying the ureters or the renal vessels. The rise of blood calcium 
is also prevented by administering acid sodium phosphate at a rate 
which prevents the fall of blood phosphorus which would occur. 
This latter observation suggests that the action of the parathyroid 
may be primarily on the phosphorus excreting mechanism of the 
kidney. (Collip and Neufeld.) 

We must understand that in the regulation of calcium metabolism - 
the parathyroid co-operates jwith other agencies, e.g., with the vitamin 
D of the diet, which influences calcium retention in the body. 

It has also been shown that the hormone of the parathyroid has 
the power of retarding the growth of young animals (Colhp), but 
. how tills is brought about is unknown. It has been suggested that 
this action is distinct from an effect on the blood calcium, hut this 
is uncertain. 

In addition to the above function, considerable evidence has been 
put forward by Noel Paton and by Burns that the parathyroid 
is also concerned with the protection of the body against the sub- 
stance guanidine, which is closely related to the creatine of muscle or 
methyl-guanidine acetic acid. How this fact may be related to the 
other activities of the gland is unknown. 

Phosphorus. 

This account of the role of phosphorus in the body is given in 
summarised form, as details are discussed elsewhere in appropriate 
sections. ^ , 

Phosphorus is essential for all organic life and occurs in j 
the blood of man to the extent of 24 to 52 mgs. per 100 c.c^ The 
organic phosphorus occurs for the most part in the plasma as 
glycerophosphate, hexosephosphate and nucleotides ; the phospho- 
lipides are in the corpuscles. The inorganic phosphates may be 
' half- the normal (4 to 6 mgs.) in rickets, but if we may judge from 
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the common occurrence of phosphates in tonic medicines, phosphorus 
dehciency is common, especially after infection. 

The actual level of the blood phosphorus appears to depend 
on the activity of the parathyroid gland (see above). It varies 
inversely as the calcimn. It falls when parathyroid extract or 
insulin is injected. 

!]^psphqrus is concerned : 

1. In the formation of bone and teeth. 

2. In the formation of many organic substances, phosphoproteins, 
nucleic acid, phospholipides, creatine phosphate, adenyl pyro- 
phosphate and the like. 

3. In the buffering of the blood and other body fluids. 

4; In the transport of fat and lipides. 

5. In the chemistry of muscle contraction. It appears to be 
specially important in the breakdown of glycogen (see Chemical 
Changes in Muscle) for which phosphoryllation, i.e. the adding of 
phosphoric acid, is essential. 

6. In the activities of the alimentary canal. Phosphates, if 
injected intravenously or if applied to isolated gut in Einger’s 
solution, exercise a marked stimulating action on intestinal move- 
ments. Por some unexplained reason the administration is of great 
value in the treatment of intestinal flatulence. 

It is excreted chiefly in the urine in combination with sodium, 
potassium, magnesium and ammonium, the actual salt depending 
on the reaction of the urine. (See Urine.) 

About a third is excreted in the fisces according to the necessity 
to get rid of alkali and undigested organic phosphorus. 

Glucose is necessary as a fuel and provides almost a complete 
example of the principle of constancy of internal environment. It 
is stored particularly in the muscles and in the liver. The further 
needs of the muscles ' are met by use of the store in the liver which 
is replenished from the diet. Hunger probably represents the call 
of the body for carbohydrate (Lawrence), but no doubt the sensation 
has become vitiated. The liberation of the liver glycogen is brought 
about by the secretion of adrenaline and probably by nervous 
stimulation, and the storage in the muscles and in the liver by the 
action of insulin. If the liver glycogen gets used up, as in starvation, 
protein and fat provide the necessary fuel. The subject has been 
discussed at length under Metabolism of Carbohydrates. 

Pat and Amino-Acids are dealt with in the sections on Fat 
Metabolism and Protein Metabolism, but as yet we have little 
information as to how the constancy of the blood composition in 
regard to them is maintained. 


Body Temperature. — See separate chapter. 
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Hydrogen-ion Concentration. — See separate chapter on the 
Acid-base Equilibrium of the Body. 

Blood Gases. — These have been dealt with in relation to 
respiration. As the supply of oxygen and carbon dioxide is 
normally unlimited, no storage is necessary — the more so as carbon 
dioxide can be replaced in the blood to some extent by chlorides. 
The storage of oxygen which occurs in foodstuffs is negligible, 
since the body at ''rest requires about 300 c.c. per minute.- 
Excessive excretion or accumulation of carbon dioxide is prevented 
by the chemical control of the respiration. 

Hormones. — Probably the products of the ductless glands which 
have a continuous action are present in the blood in minimal 
amounts which may be greatly increased from time to time, 
hut the exact mechanisms concerned are in most instances not 
understood. 

The Natural Mineral Appetite. 

A most remarkable fact is that animals apparently develop a 
craving for minerals deficient in the diet. Eats prefer calcium 
solutions to water if deprived' of calcium, especially after para- 
thyroidectomy. In some areas short of minerals animals develop 
diseases due to the eating of skeletons, and in moorland areas 
animals welcome “salt licks.” In the .campaign in Sinai, 1915-17, 
horses and uninstructed men were found to prefer brackish water 
to fresh. Evidence on these points is accumulating. 
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THE ACID-BASE EQUILIBRIUM OF THE BODY 
The Reaction of Fluids 

When hydrochloric acid is added to water, the water becomes acid 
because the HCl dissociates into its component ions of hydrogen 
and chlorine. If a more complex acid such as acetic is used, it's 
hydrogen forms one ion and the remainder of the acid another. 
The acidity or alkalinity as determined by titration in the ordinary 
way gives not only the dissociated hut also the undissociated acid 
and therefore gives little information regarding the activity of the 
solution. The real strength or degree of acidity depends on the 
number of hydrogen-ions present in the solution. HOI is a strong 
acid because the dissociation is nearly complete; lactic acid is a 
weak acid because the number of free H-ions is less, and their 
concentration does not rise proportionally to the amount of lactic 
acid present. 

In the same way the degree of alkalinity of a solution depends 
on the concentration of hydroxyl (OH)-ions. But in any solution 
if the concentration of H-ions is multiplied by that of OH-ions the 
product is constant. 

In a solution which turns blue litmus red, the H-ions preponderate 
but OH-ions are not absent; in a solution which turns red litmus 
blue the reverse is the case. 

Pure distilled water dissociates to a trifling extent into H and 
OH-ions which of necessity are equal in number” and we call water 
neutral, not because it is neither acid nor alkaline but because it is 
both in equal degree. Lactic acid is a weak acid because it undergoes 
less dissociation than, say, HCL 

Hydrogen-ion Concentration. — Now since it can be shown- that 
in any solution the product of the concentration of H-ions 
multiplied by the concentration of OH-ions is constant, the 
concentration of hydrogen - ions in a solution may be used to 
express either acidity or alkalinity. In pure water it has been 
determined by experiment that the concentration of hydrogen-ions, 

ie. the cH per litre is 0 0000001, j^ - Q QQ^Q - QQQ gram, or , or as it 

is more commonly expressed, 10"^. 
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The H-ion concentration of the blood is almost inconceivably 
small, being only 0-000000032 or one gram-ion in 32 milbon litres. 
Small as this number is, slight variations in it produce profound 
physiological disturbance; if, for instance, the figure in arterial 
blood rose to 0-000000034 breathing would be appreciably affected, 
and if it rose to 0-00000005 the person would be hopelessly out 
of breath. 

pH. — For convenience the numerical value of the power only- 
is used ; water is thus described as having a pH (power of hydrogen) 
of 7. Since this is neutrality, acid solutions have a pH ranging 
from 0 to 7 and alkaline solutions vary from pH 7 to 14. . Hence, 
as pH increases the acidity or hydrogen-ion concentration decreases 
and vice versa. 

It is to be noted that the pH scale is a logarithmic one and 
therefore a change of pH from 6 to 7 represents a much larger 
change in hydrogen -ion concentration than does a change from 7 to 8. 

The Determination of the pH of physiological fluids is usually 
carried out by the colorimetric inethod in which advantage is taken 
of the fact that certain dyes change their tint according to the 
hydrogen-ion concentration of the fluids in which they are dissolved. 
Thus, for example, phenol red goes through a series of changes 
from yellow to red between pH fi'S and 8-4. Different indicators 
have different ranges and neutral points. The old-fashioned litmus 
changes from blue to red at about' 6-6. Congo red, on the 
other hand, changes from red to blue at about 4, hence its value 
in distinguishing between HOI of the- gastric juice and the less 
dissociated organic acids such as lactic and butyric. In making 
the determination the indicator . is added to . the unknown fluid 
and the colour compared with a series of standards of which the 
pH is known. The indicator method, although very accurate for 
most purposes, is liable to be inaccurate in the -presence of protein 
and salts. In determining the pH of blood, therefore, certain special 
procedures must be carried out (see p. 558). 

Electrical Method . — ^This is really the original method and consists 
in determining the electromotive force set up between a hydrogen 
electrode and the free hydrogen-ions in solution. The method is 
still used when the indicator method is unsuitable and for checking 
standard solutions made up in the ordinary way. 


The Reaction of the Blood. 

Blood is a fluid -which is allcaline to, litmus. It contains 
H-ions blit they are overbalanced by OH-ions. The principal acid 
to which this hydrogen-ion concentration is due is ^ c arbon ic .acid 
(HgCOg), and if carbonic acid gas (COj) is passed into water, or 
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a physiological saline solution, in increasing amoimt, the concentra- 
tion of hydrogen-ions increases also. Carbonic acid is „ continually, 
being thrust Jnto_ the^ blood. by the tissues, and the reaction is but 
little disturbed because of the mechanisms which exist for its 
transport. The maintenance of the acid-base equilibrium in the blood 
is most important. The various cells and tissues it nourishes demand 
a reaction which is almost neutral, and perhaps there is no other 
collection of cells which are so sensitive to variations from the 
normal as those which make up the respiratory centre; the figures 
already given show how a very slight increase in the hydrogen-ion 
concentration of the blood stimulates them to excessive action, and 
produces exaggerated breathing (hyperpnoea). 

We have now to consider the way in which the normal acid-base 
relationship is maintained, and to discuss more fully the effects 
which ensue when this balance is upset. In relation to the trans- 
port of COo by the blood we saw" that the majority of it became sodium 
bicarbonate and a small quantity of it remained in free solution in the 
plasma. Both these substances can readily be got rid of according 
to the requirement of the body. For practical purposes therefore it 
is convenient to consider that, although there are a multitude of 
substances in the plasma, only two need be taken into account. 
One of these, CO2, when dissolved in water is acid (HgCOg); the 
other, sodium bicarbonate (NaHCOg), is alkaline. The way in 
which the relative concentrations 'of these two substances affect 
the hydrogen-ion concentration of the blood Is quite simple, viz., 
that the hydrogen-ion concentration varies directly with the ratio 
(normally one substance to the other. For convenience 

it has been agreed that the words concentration of ” shall . be 
expressed by square brackets and hydrogen-ion by H*. Concen- 
tration of hydrogen-ions is thus abbreviated to [H‘], and this as 

rjj QQ "1 

stated 'above varies as rvv or what comes to the same thing 

[NaHOOg] ^ 

k[IloCO^] 7 ^ ^ ^ 

[H j = ^ being a constant. 

In relation to acidsemia and alkalsemia below, we shall see that 
the body has many mechanisms by which this ratio is kept constant. 

The reaction of the blood may conveniently be determined 
by the method of Dale and Evans, which consists essentially of 
placing the blood in a small dialysing bag inside a small tube of 
physiological saline and subsequently, when dialysis has taken place, 
determining the [H*] of the saline. Or the blood may be centrifuged 
and the [H‘] of the plasma, diluted, taken. 

In each case the blood is kept under oil to prevent loss of COi, 
Oxalate is added to prevent clotting and fluoride to prevent glycolysis. 
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The [H'] is determined colorimetrically by comparing the colour 
of the fluid with salines or diluted plasmas respectively of known 
H-ion concentration to which indicators have been added. 

The reaction is normally about _pH-74; but life is possible withj, 
a much . more alkaline blood. Death however , occurs if the blood i'j ' 
becomes acid to a very slight degree. We shall see however below jj 
that the body is well provided with mechanisms to prevent this ' 
occurring. 

.. Acidsemia.- V-i., 

In acidsemia there is a Jendency_ofjthe.blpod-to.becbme acidy ' 

This occurs, physiologically, in muscular exercise when" large . ' 

quantities not only of ca rbon dioxide but also of lactic acid are 
thrown into the circulation. The lactic acid is dealt with in several 
ways and in disease the body deals with other acids similarly. First 
there are the “ Buffer Substances,” which are so called because they 
“soak up" the acid, so to speak. They are the sodium -bicarbonate 
and the alkaline sodium phosphate of the blood, which react with 
acid thus — 


NaHCO, + HL = NaL + H„0 + C0„ 


[Sodium bicarlxjnate+lactic acid.] = [Sodium lactate+ watery- carbon dioxide.] 


Na2HP04+ HL = NaL + NaHjPO^ 


[Alkaline sodium phospbate+lactic acid]- = [Sodium-lactate+acid sodium phosphate.] 


The carbon dibxide formed from -the bicarbonate stimulates 
respiration and is excreted by the lungs and the acid sodium phosphate 
is excreted by the kidney. The reaction of the blood, therefore, 

. remains practically unchanged since the substances formed are little 
dissociated and are, rapidly got rid of. 

- The hsemogiobin proteins of the blood also take up acid since they 
are amphoteric. /It should be noted that the buffering power of 
these various constituents is by no means equal. The relative 
values of the different buffers may be represented by the figures: 

. bicarbonate 64 per cent., haemoglobin 29 per cent., plasma proteins 
and phosphates, 7 per cent. 1 

The Alkali Reserve, of-' the'^/Body. — We have seen in gelation 
■ to the carriage of carbon dioxide that, the alkali.. ayailablefeih the , 
blood itsel^or the transport^ff'this and other) acids is known as 
the alkali reserve of the S/oof^.^utMt is now evident that this alkali 
by no means exhausts the resourc'^s (ff^ the^ body in this respect. 
■''^(See Transport of Carbon Dioxide.)^'^'- 


In addition, the body makes use "of the ammonia which, as we 
j’^have seen, appears as a product of protein metabolism. ^ This 
iyd^iinction appears to be carried out by the kidney, which has the. 
t-^power of breaking down urea and of utilising the ammonia so formed 


/ " "c ') / 1 .V /j 
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to neutralise acid. The evidence that the kidney does this is that 


the renal vein may contain more ammonia than the artery and in 
renal disease, although an acid?emia may be present, the ammonia- 
urea ratio is unaltered (McLean). In severe exercise there is, then, 
an increased excretion of ammonium salts, with a corresponding 
diminution in the urea content of the urine. The latter becomes 
more acid because, as we have seen, of the increased excretion of the 
acid sodium phosphate. These facts, together with the fall of the 
alveolar CO„ which results from the stimulation of the respiratory 
centre, have^ an important chnical significance, as they may be taken 
as eWdence of the presence of abnormal acids in the blood, such as 
may be produced from the faulty oxidation of fats in diabetes. 

A mild degree of acidtemia takes place on a meat diet because of 
the sulphur of protein which requires alkali to convert it into 
sulphates, and all the characteristic changes in the urine are observM. 

Several other mechanisms also assist in maintaining the reaction 
of the bloocL Normally the animal takes in an excess of alkahne 
phosphates which are excreted by the bowel. In acidaBmia, more of 
this pliosphate is retained. 

It has been shown also (Christy) that the more COn there is 
in the blood, the less the chloride; indicating that the tissues 
have some power to take up acid in an emergency. This chloride 
may, in part, be excreted by the kidney, but not wholly so, as 
it may return to the blood if the COp falls. This erriphasises 
the fact that the alkali reserve may be held,* quite properly, to 
refer to the whole body, since every one of its cells is capable of 
taking up in the same way a small amount of acid in virtue of 
the buffer substances it contains. 

'\\nien the body succeeds in thus overcoming the addition of 
acid without there being any actual rise of the hydrogen-ion concen- 
tration of the blood, the acidsemia is said to be compensated \ but 
as soon as tlie compensation fails and the hydrogen-ion concentration 
of the blood rises, a condition is very soon arrived at which is 
incompatible with life. 


Alkalsamia. 

In alkalremia the blood tends to become more alkaline. Such 
a condition may be produced when an individual over- ventilates 
voluntarily, or as a result of stimulation of the respiratory centre 
by heat, c.y. a hot bath, or at a high altitude w'hen probably the 
want of oxygen stimulates the respiratory centre. /^It is observed, 
to a small extent, in the early forenoon, when respiratory activity is 
very greatJ Clinically it may be the cause of death in cases of 
prolonged vomiting which leads to an excessive loss of hydrochloric 
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'acid from the stomach. , In such circumstances we have the opposite 
state*‘of ' affairs to that in acidoemia — ^namely, decreased excretion of 
ammonia hy the kidney and increase of urea, with an. alkaline urine 
due to the excretion ''of alkaline sodium phosphate. ^/TFurther, since 
the HgCOg is -reduced, it becomes necessary, in order tb keep the ratio 
H CO ^ 

ilaHOO ^bout -^th, to excrete bicarbonate by the kidney, which 

still further contributes to the alkalinity of the urine. There is, 
then, a diminution of the aUrali reserve of the blood, not because of 
acidsemia, but as a compensation for an alkalgemia (Henderson). 

This compensation is an important factor in adaptation to high 
altitudes where as a result of oxygen-want there is a stimulation of 
respiration, which causes a washing out of carbon dioxide. 

A tendency to alkalaemia exists normally when a vegetable diet, 
which produces largely alkaline substances, is .taken and a similar 
tendency is said to occur when the stomach secretes HOI. 

•in such circumstances, riot only do we get urinary changes, but 
the^'^respiration is automatically depressed slightly, the alveolar 
content of the carbon dioxide increases and acid is thereby retained ; 
chlorides also pass into the blood from the tissues (Christy))’ 

In alkaltemia there occurs_a diminution in the ionic calcium of | 
the blood with an increase in the un-ionized. Severe degrees of! 
alkalsemia for this reason bring about tetany — i.e. spasrns of certain j 
muscles, especially of the hands and feet. The facial nerve is; 
commonly hyperirritable to tapping. (See Parathyroid G-lands.) 

Alkalsemia is hnportant clinically, not only because it may cause ■ 
death after excessive voiriitmg,*hut the alkalinity of the urine causes 
crystals, notably those of phosphates, to he precipitated and great 
irritation of the urinary bladder may be caused. 

The Hydrogen-ion Concentration of Other Body Fluids. — It • 
seems probable that conditions hable to change the reaction of the 
blood will change the reaction of all fluids made from the blood. 
We have already seen this in relation to the urine, hut the same 
probably applies to tears and, what is of more importance, to 
digestive secretions. This is certainly true of saliva, which may 
change its reaction very appreciably (Mathur) in response to diet 
and other conditions. , 
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: .j, . FUNCTIONS OF THE SKIN 

Protection. — The protection depends on the epidermis, that is, 
thick layers of epithelial cells which become flattened and even 
horny in those areas such as the soles of the feet where there is 
much hard wear. The superficial layers are constantly being 
replaced by the growth of the cells in the deeper layers which 
gradually flatten as they approach the surface. In the process 
some of the protoplasm of the cells becomes transformed into 
granular eleidin which characterises the stratum granulosum, but 
gradually the cells clear to form the stratum lucidum until the 
keratin of the horny surface layer is formed. The nails are 
thickenings of the stratum lucidum. 

The protection afforded by the skin is still further enhanced by 
its movement on the underlying structures which causes blows 
to glance off. 

In regard to the body as a whole the skin gives even more 
protection by its possession of nerve-endings, stimulation of wliich 
gives rise to- protective movements. In some animals sensation is 
increased by the possession of * hairs (e.g. whiskers of . cats) with 
specialised receptors at their bases. (See Danforth, 1939.) 

Heat Regulation. — See chapter on Body Temperature. 

Respiration. — small amount of respiratory interchange of 
gases occurs through the skin, but in thick-skinned -animals this is 
very small. In man, the carbonic acid exhaled by the skin is about 
tIit to of that which passes from the lungs. But in thin- 

skinned animals, such as frogs, cutaneous respiration is very 
important; after the removal of the lungs of a frog, the respiratory 
interchange through the skin is suflicient to keep the animaT alive, 
the amount of carbonic acid discharged being about half as much as 
when the lungs are present (Bischoff). 

Absorption. — This also is an unimportant function ; ' but the 
skin will in a small measure absorb oily materials placed in contact 
with it ; thus many ointments are absorbed, and general effects are 
produced by inunction of substances dissolved in animal fats.^* 

* ]\Iany alleged cases of poisoning through the skin are really due to minute 
quantities being taken in by the nose or mouth. 

W2 
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Secretion. — ^The secretions of the skin are two in number. The 
selum is the natural lubricant of the hairs. The secretion of sweat 
is unimportant function of the skin, and we will therefore discuss it 
at greater length. 

Blood Depot. — The skin also functions as an important store- 
house of blood, which is called’ upon whenever blood is needed in 
the muscles or other organs. Thus, pallor of the skin is produced, j 
and the subject looks pale in a variety of states such as haemorrhage,! 
cold, anger, fear, and infections, which bring about sympathetic j 
stimulation as a compensatory . mechanism. "When the blood is j 
withdrawn from the skin its- temperature' falls -and the subject | 
may feel chilly. , . . ’ ’ 

The blood is stored in the rich vascular sub-papillary plexuses 
of the dermis or true skin. It has been estimated by Barcroft that 
the skin of an adult may hold about a litre, of blood. 

The Sweat. 

The Secretion of Sweat. — The sweat-glands are most abundant 
in man on the palms and soles, and here the greatest amount of 
perspiration occurs. Different animals vary a good deal in the 
amount of sweat they secrete, anil in the place where the secretion, 
is most abundant. Thus the ox perspires less than the horse and 
sheep; perspiration is absent from rats, rabbits, and goats ; pigs perspire 
mostly on the snout ; dogs arid cats on the pads of the feet only. 

The glands which produce it lie in 'the deeper layers of the 
skin and have long corkscrew-like ducts which pass through the 
more superficial layers to^the surface. When the sweat glands are 
studied in more detail they may be divided into two types : ’(1) the 
apocrine or large glands which are derived , from the hair follicles 
and which include the ceruminal glands of the ear, those of the 
eyelid, and the mammary glands. The ..change of the mammary 
gland from a sweat gland to one which produces milk is an 
interesting study in evolution ; (2) the smalL or eccrine glands ' 
which are derived from the epidermis and scattered’ all . over the 
body. The distribution, of the large glands varies very much from 
individual to individual and from race to race. They, are said to 
he in many instances of sexual significance and to become less 
so as we ascend, the evolutionary scale. In humans the small 
sweat glands predominate, and the large glands are restricted to 
the face, ears, axillae, and the sexual areas, 

' As long as the sweat is small in amount it is evaporated from 
the surface at once ; this is called insensible per^iration. There is. 
however,, some evidence that . the insensible perspiration is not 
secreted but diffused as water vapour through the epithelium. 


564 


THE SKIN 


[CH. XLI. 


for it is present in those persons in whom there is a congenital, 
absence of sweat glands. (Kuno, also Whitehouse, Hancock, and 
Haldane.) As soon as sweating is increased or evaporation pre- 
vented, drops appear on the surface of the skin. This is known 
as sensible perspiraiion. The relation of these two varies with 
atmospheric conditions ; the drier and hotter the air, the. greater is the 
proportion of insensible to sensible perspiration. In round numbers 
the total amount of sweat secreted by a man is about 450 c.c. 
in the twenty-four hours, but it may rise to 10,000 c.c. in extremely 
hot dry atmospheres, especially if there is muscular exercise. 

Composition of the Sweat. — Sweat may be obtained in abundant 
quantities by placing the animal or man in a closed hot-air bath, or 
from a limb by enclosing it in a vessel -made air-tight with an elastic 
bandage. Thus obtained, it is mixed with epidermab^seales and a 
small quantity of f^like -matter- from -the sebaceous glands. The* 
continual shedding of epidermal scales is in reality an- excretion, 
^ratin, of which they are chiefly composed, is rich in sulphur, and, 
consequently, this is one means by which sulphur is removed from 
the body. 

The reaction of sweat is acid, and the acidity, as in the urine, is 
due to acid^sodium phosphate. In profuse, sweating, however, the 
secretion usually becomes alkaline or neutral. It has a peculiar 
and characteristic odour, which varies in different parts of the body, 
and is due to volatile-fatty-^acids ; its tasteAs^saltish, its specific 
gravity about 1005. 

The percentage of solids is approximately 1*2, of which 0*8 
is inorganic matter. . 

The, salts are in kind and relative quantity very like those of the 
urine ; sodi um chlori de is the most abundant salt. Funke was unable 
to find any urea, but most other observers agree on the presence of a 
minute quanitity. It appears to become quickly transformed into 
ammonium carbonate. 

In severe muscular exercise the excretion of lactate may be 
very considerable in the first half hour, but it then falls off (Kimo). 
This substance appears to be a special excretion of the sweat-glands. 

Because of the salt excretion by the skin patients suffering from 
kidney disease and deficient excretion are usually subjected to hot 
air baths. It seems doubtful if this is of any appreciable value 
in view of the small amount in the sweat, but it may be that in 
kidney disease this excretory function of the skin is increased. 

The cerumen is a specialised secretion produced by modified 
sweat-glands in the external ear. 

The sebum is a fatty secretion containing isocholesterol in 
addition' to fat' and is produced by glands round the roots of the 
hairs to which it acts as a lubricant. The open ducts* of the glands 
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are often apparent on the nose. It is the blockage of these glands 
which gives rise to blackheads and papules, especially in young 
adolescents. -The dried secretion which blocks the ducts may be 
dissolved out by fat solvents. Sebaceous glands occur in the lips 
and glans penis independently of hairs. ’ The sebum extracted from 
sheep’s wool is known as lanoline which is much used as a basis 
of ointments and face creams. ■ 

The Control of S-weat Secretion.— There are probably two 
types of sweat secretion, the hot or thermal sweat and the mental 
or cold sweat, but whether the mechanisms for them are different 
has not been determined. 

Thermal sweating is generalised and occurs when the body 
temperature is raised by increased metabolism, commonly that of 
muscular -exercise or when the external temperature is high. It 
is not present, however, on the pahns of the hands and soles of 
the feet. It is brought about through the operation of the heat- 
regulating mechanism discussed in the next section. 

The application of heat to a part of the body may, however, 
cause local sweating by direct action on the glands or by a local 
reflex. Sweating is accompanied by a dilatation of the blood-vessels 
of the region, presumably the result of the production of metabolic 
products. 

Mental sweat, on the other hand, predominates on the palms and 
soles, but it is also present in the head and neck and elsewhere. ' 
It occurs in many different kinds of emotion, even doing mental 
arithmetic. It may be produced experimentally (Kuno) by touching 
any very hot object, such as an electric globe, with the finger for 
a few seconds. The term mental is held to include that produced 
by sensory stimulation. 

In muscular exercise the sweating is both therinal and mental. 
Sweating is reduced by cold, which at the same time reduces the 
cutaneous circulation. It is also reduced by dehydration, whether 
the result of deprivation of fluid intake or by sweating itself. 
"When the latter occurs, and this is common in hot countries, the 
taking of a glass of cold water winch dilutes the blood produces a 
profuse sweating. 

The exact nervous mechanisms concerned in sweating are not 
completely understood, and different animals appear to vary 
appreciably. 

The sweat-glands are supplied with sympathetic nerves (Langley), 
but are peculiar in being stimulated by pilocarpine like other glands 
and paralysed by atropine. If, for example, the sympathetic nerves 
supplying the arm are renioyed surgically, as is not infrequent 
to relieve spasm of the blood-vessels in the hand (Eaynaud’s 
disease), the arm' no longer takes part in generalised sweating. 
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/Adrenaline produces profuse sweating in the horse and sheep, 
-hut not in man. ^ 

4/Excretion hy the Skin. — In addition to the normal constituents 
of the blood referred to above the skin excretes drugs which may 
be administered, notably mercury, arsenic, quinine, iodine, while 
in diseases a vast variety of substances, cystine in cystinurics, 
glucose in diabetes, albumin in rheumatism, and many others, have 
been found. (Kuno.)' 


The Hairs. 

In man the hairs appear to be largely vestigial, that is, a relic 
of our hairy ancestors, but many individuals are much more hirsute 
than others. 

In the lower animal hairs subserve several functions. They 
materially assist in the conservation of heat and in altering the 
apparent size of the animal, and in both these functions they may 
be erected by the small muscles, the arrectores pilorum, at their 
bases. 

It seems probable that in man the hair in the flexures acts like 
a lubricant to reduce friction, and on the head is, like the looseness 
of the scalp, of advantage in protecting the skull against injury 
by allowing slip on the cranium. 

The Pigment of the Skin. 

Pigment becomes deposited in the skin in response to irritation. 
It is seen particularly in response to light or friction. It occurs 
in the face and hands to a slight extent, but is marked in the 
region of the external genital organs and nipples, especially in women 
wlio have suckled infants. Pigmented moles are common. 

The pigment is ..melanin, which is probably produced from 
tyrosine {q.v.). 

Adrenaline is also made from tyrosine (see adrenaline) and in 
disease of the adrenal glands excessive pigmentation of the skin 
is usual. It may be that the tyrosine not used for • the making 
of adrenaline is converted into melanin. 

The melanin in the skin of the coloured races depends on 
hereditary factors. 
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BODY TEMPERATURE 

Singe departures from the normal body temperature are among 
the fundamental physical signs of disease, and since observations of 
the temperature of the patient are only less frequent in medical 
practice than those, of the pulse or of the tongue, it is necessary to 
have as complete an understanding as possible of the principles that 
regulate the fluctuations of the clinical thermometer. ^ 

Animals may be divided into two great classes : — 

(1) Warm-blooded or homoiothermal animals are those which 
have an almost constant temperature. (Mammals and birds.) 

(2) Cold-blooded or poikilothermal anhnals are those whose 
temperature varies with that of the surrounding medium, being, 
always, however, a degree, or a fraction of a degree, above that of the 
medium. This class includes reptiles, amphibians, fish, embryonic 
birds and mammals, and probably all invertebrates. 

The temperature of a man in health varies but slightly, being 
between 35'5° and 37'5° 0. (97° to 99° E.). Most maininals have 
approximately the same temperature: horse, donkey, ox, 37‘5° to 
38°; dog, cat, 38'5° to 39°; sheep, rabbit, 38° to 39'5°; mouse, 37'5°;_ 
rat, 37'9°. Birds have a higher temperature, about 42° C. The 
temperature varies a little in different parts of the body, that of the 
interior being greater than that of the surface ; the blood coming 
from the liver, where chemical changes are very active, is warmer 
than that of the general circulation; the blood becomes rather 
cooler in its passage through the lungs and the skin. 

The temperature also shows slight diurnal variations, reaching a 
maximum about 4 or 5 ,p.m. (37'5° C.) and a minimum about 3 a.m. 
(36'8° 0.), that is, at a time when the functions of the body are least 
active. If, however, the habits of a man are altered, and he sleeps in 
the day, working during the night, the times of the maximum, and 
minimum teinperatures are also inverted. Inanition and inactivity • 
, cause the temperature to fall, and just at the onset of death it may 
be below 30° C. Active muscular exercise raises the temperature 
temporarily by about 0‘5° to 1° 0. 

Since the temperature of the body depends on the difference 
between the amount of heat produced and the amount lost, we shall 
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now consider heat production and heat loss in . turn, and then study 
the way in which these are normally adjusted for the maintenance of 
a nearly constant temperature in the homoiothermal animal. 


Heat Production. 

(1) Effect of Changes of External Temperature , — In theory there is 
a fundamental difference between cold- and warm-blooded animals in 
their ructions to external temperature. A cold environment, since 
it lowers the temperature of the poikilothermic creature, reduces the 
metabolism of all its tissues, and thus reduces its heat production. 

The warm-blooded individual reacts in precisely the opposite way. 
Since his temperature remains constant, his heat production increases, 
in order to neutralise the effect of liis cold surroundings. This has 
been demonstrated in the case of fasting dogs. An example may be 
given : — 


Temperature of air. 

IS'8" C. 

14*7* C. 

17-3’ a 

18* C. 

Heat production in calories 
per kilo per diem . 

78-7 

74-7 

1 

69*8 

1 

67 -l’ 


In practice it is doubtful whether any such exact relation can be 
discerned in man, as it may be masked by other factors. We have 
already insisted upon the equality between the respective energy- 
values of the food eaten and of the heat produced, and upon the 
advantage of an ample diet. In practice it is the amount of food 
taken wliich controls the heat production, rather than the reverse. 
The majority of well-to-do people, whose appetite is stimulated by 
their palate, maintain a constant body temperature by^ regulating 
the loss rather than the production of heat. In this connection the 
following figures, derived from observations made upon a dog which 
was fed upon considerable quantities of meat, may be compared with 
those obtained when the same animal was fasting. 


Temperature of air. 

. . 

r a 

15- a 

20* C. 

25* C. 

30*0. 

Calorics per kilo per diem — dog \ 
fasting j 

86*4 

63*0 

55*5 

1 

54*2 

56*2 

j Calories per kilo per diem — dog ) 

■ given 320 g. meat ~ 81 calories per | 

87-9 

86*6 

1 

86*2 

1 

i 

1 

83*0 
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^ ^ In the fasting dog a lowering of the surrounding temperature 
increase's heat production in the animal ; in the well-fed dog this 
is hardly noticeable. 

On, the other hand, it is instructive to note the types of food 
eaten by the natives of different climates. The Hindoo, who eats 
rice, requires to produce much less heat than the Eskimo, who 
makes seal meat and blubber his staple articles of diet. 

The Seat of Heat Production. — While we say that * every 
living tissue produces heat according to. its activity, certain organs, 
such as glands, produce an amount which is fairly constant although 
relatively small. By far the largest and most variable amounts are 
produced by the muscles, and. under conditions of extreme cold, 
increased muscular tone (contraction) and shivering assist in the 
maintenance of body temperature. On hot days we experience a 
certain general flabbiness and lack of desire to do muscular work. 


Heat Loss. 

Heat is lost in several ways — by the respiratory JrAct, the skim 
and the excretions, but the first two are those capable of greatest 
variation. 

Respiration. — In animals which do not sweat much this channel 
is of special importance, as is' well seen in the dog and the' sheep, in 
which there is a rapid respiration when overheated. If the need for 
heat loss has not been accompanied by exercise, the respiration may 
be very shallow and this appears to be associated with an exaggeration 
of the Hering-Breuer reflex. At the same time there is an increased 
secretion of saliva which keeps the mouth and tongue moist.. The 
tongue is commonly, put out. 

The skin may regulate its heat loss by changing the amount 
• of blood passing through it. We, are familiar- with the flushing of 
the skin after exercise, due to vasodilatation. In such circumstances 
the body loses a ''greater amount of heat^ by radiation, conduction, 
arid convection. * . ^ 

Many years ago it was shown that if an animal is varnished 
it will die from excessive loss of heat, partly as a result of vaso- 
dilatation of the skin vessels, but chiefly because of the loss of the 
■fur which retains heat. It will survive if wrajpped in cotton-wool. 

.If the body is exposed to cold there is good evidence that 
adrenaline may be secreted, for it can be shown that the denervated 
heart is accelerated and skin vessels are constricted. This does not 
occur if the adrenals are removed. There is, however, after such 
removal, a much greater increase in the heat production by shivering 
(Gannon, Britton and others). In man this seems to be of less 
importance than in the cat, for the cardiac acceleration is negligible 



570 BODY TEMPEKATURE ' [CH. XLD. 

except during shivering (Barcroft and A^'erzar). Aletabolism is also 
stimulated. 

Sweating. — ^When the body temperature tends to rise the sweat- 
glands secrete and the evaporation of the sweat, the latent heat of 
which is obtained from the body, causes cooling. AA^et clothes 
have a similar effect to sweating, but have the disadvantage that 
they may occur in the absence of physical exercise and so reduce 
body temperature that there is great liability to infection by any 
bacteria which happen to be present in the body. It has been 
calculated that as much heat may be lost from wet feet as is 
produced by the body at rest. The respiratory tract is particularly 
liable to be affected because bacteria commonly lurk there and the 
cold produces vasoconstriction which renders the mucous membrane 
more easily attacked. The amount of evaporation depends on the 
humidity of the atmosphere. AVe are familiar with the increased 
sweating which occurs on a hot moist day; The hot day, however, 
has the advantage over the cold day in that the relative humidity 
of the air is decreased. 

The atmosphere may vary appreciably in its cooling power, 
according to the rapidity with which the air in the immediate 
vicinity of the body is changed. A draught causes excessive cooling 
of the body, therefore, by increasing the loss by convection. 
(This has already been discussed on p. 75, which should be 
re-read.) 

In climates such as AVest Africa, Persian Gulf, and Malay, where 
the tropical sun is combined with the moisture- laden wind, the reverse 
maintains. There the possibilities of heat loss both by radiation 
and by evaporation are small, and the inhabitant perforce reduces 
his heat production to a minimum. He lives indoors, and takes as 
little exercise as possible. 

If, however, exercise is persisted in, sweating continues until the ^ 
blood becomes so concentrated that sweating ceases, body temperature 
rises rapidly and death from heat stroke may occur. Immediate 
treatment byjsooling the body and diluting the blood is essential. 


Certain Factors which govern the Relation between Heat 
Production and Heat Loss. 

(1) Size . — The quantity of heat produced by mammals of the same 
size is practically constant. It is not, however, directly proportional 
to tlie weight of the animal, nor to the relative size of the individual 
cells. The size of the cells in a mouse is not very different from that 
of the cells in a horse, yet a mouse produces 452 large calories per 
kilogram of body-w^eight in twenty-four hours, and the horse only 
14’5 calories. The mouse thus requires thirty times more food per 
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unit of body-weight than the horse. The constant factor is heat 
production per unit body-surface; all well-nourished animals, 
including manj produce the same number of calories per square 
metre of surface (Eubner). The body-surface is relatively large 
in a small animal. The loss of heat is diminished ~both by the 
Dccurrence of fur and by the absence of sweat in the skins of most 
small animals, and in man the natural conditions may be much 
modified by artificial ones, such as clothing. 

(2) Age . — Inasmuch as the young are small, active, and growing, 
their heat production is relatively large; and further, since the 
extreme constancy of temperature which an adult man has attained 
is an evolved characteristic, very young children are subject to 
changes of body-temperature which would be of much graver import 
in older people. 

(3) Constitution . — Individuals differ greatly in theih power of 
heat loss. • Apart from differences in size and in the facility of 
perspiration, there remain such variations as those of compactness 
of shape, and especially in the amount of adipose tissue with which 
the viscera are protected. 

Regulation of Body Temperature. 

' The body temperature appears to be regulated by an area 
in the brain known as the heat-regulating centre. This centre 
influences the vasomotor and sweating centres, thereby regulating 
heat loss from the cutaneous blood-vessels, and possibly the lower 
centres controlling heat production, e.g. those which innervate 
voluntary muscle. Evidence of this was put forward by Barbour, 
who showed that if the brain was perfused through the carotid 
artery with fluids of different temperatures, the corresponding body 
reactions were obtained and body temperature varied by the vascular 
reaction produced in the skin. Evidently the thermotaxic centre is 
extremely sensitive to changes of temperature in the blood flowing 
through it;v , 

Later it has been shown that if the section of the brain is made 
below the thalami, temperature regulation is lost, the animal 
becoming poikilothermal. (Magnus). The exact region of the centre 
is probably the hypothalamus. Similar results are produced by 
anaesthesia ; hence the necessity for keeping an anaesthetised patient 
warm, but as such an individual cannot feel pain care must be taken 
not to burn him. 

At the same time it must be understood that the centre is also 
responsive to stimulation of the skin. Exposure of the body -to 
cold, e.g. baths at below body temperature, causes shivering before 
body temperature has fallen. This appears to be due simply to a fall 
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in the temperature of the nerve-endings of the skin (Liljestrand 
and Magnus). Local exposure of the body to heat will also cause 
local sweating. Presumably reflexes are concerned (O’Connor) - 
and pro\'ide a more rapid control than would be possible through 
the blood. This is well seen in rapid diminution of the volume and , 
of the skin temperature of one hand if the other^is placed in cold 
water (Brown-gjiguagl)^'^^^ 

Fever.— Fever is ^primarily due to a diminished heat loss. An 
increased heat production occurs in fever, hut that this alone does 
not produce the condition is seen by the fact that in exercise or 
exophthalmic goitre, in wliich metabolism is enormously increased, 
there is only a very small rise in temperature; it is evident that 
the normal body can get rid of enormous amounts of heat: but in 
fever the heat-regulating centre is not completely out of order, for 
it can be demonstrated that a febrile patient shows reactions to heat 
and cold. 


V 

■'A. » 


The Heat Balakce. 



It may he that the diminished heat loss is initially due to 
withdrawal of blood from the skin, i.e. when the sickening' individual 
looks pale. Lauder Brunton showed that bleeding would cause a 
temporary rise of internal temperature in this way. There is, 
however, at the same time a marked increase of heat production 
(and of metahohsm generally which leads to wasting). The increase 
may be due to the disease-producing agent itself, but is contributed 
to by the effect of the rise in temperature on metabolism. Eventually 
in fever there may be a flushing of the skin, but this is less than 
normal for the same rise of temperature produced by heating the 
bod}'. 

The withdrawal of blood from the skin may be a result of 
diminution in the volume of the blood due to the taking up of 
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fluid by the tissues, a suggestion supported by the fact that ‘ the 
blood becomes more concentrated (Barbour) ; or it may be that the 
blood is required • elsewhere internally to deal with the infection, 
the skin vasoconstriction simply compensating for vasodilatation 
elsewhere. 

This explanation of fever indicates why it is that although the 
heat - regulating mechanism reacts to changes in temperature it 
appears to be set at a higher level. The withdrawal of blood from 
the skin necessarily reduces the response to a given degree of higher 
temperature. 

Fever is, however, in a degree protective as antibodies are more 
actively produced at a higher than at a lower body temperature. 
The increased metabolism -also assists the body to deal more 
adequately with the infective agents. 

\ _ Hypothermia. — The body. temperature may be lowered in man 
under narcosis from 5° to 10° 0., and maintained at this low level 
apparently without harm. The state has been found to increase 
the sense of well-being later. 

The sensation of temperature bears no relation to the actual 
body temperature and depends entirely on that of the nerve- 
endings of the skin which are affected by the outside air and by the 
amount of blood in the skin. The pale, shivering patient suffering 
from a malarial attack may have a temperature of 104°. Similarly, 
people about to develop influenza look a little pale, and feel a little 
shivery for the same reason. On the other- hand, drugs which , 
cause dilatation of the skin-vessels, e.g. alcohol, cause a fall of body 
temperature, although they give a sensation of cutaneous warmth. 
After a prolonged hot bath, an individual m^y feel quite warm, 
because the skin-vessels become paralysed and' may lose so much 
heat that he “catches a chill” as a result of the lowering of local 
resistance in the respiratory tract. Experiments on hypothermia 
under narcosis suggest that local chilling or vaso-constriction is 
more important than a fall of body temperature as a whole. 

Shivering, as we have seen, occurs when the body is cold. It is 
partly dependent on reflex paths but may occur in a piece of muscle 
completely removed from the body if a piece of ice is applied to it. 


Rkfeuevces. — Barbour, 1921 ; Bazett, 1927 ; Cramer, 1928 ; and Deighton, 1933. 
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of the brain, and between the cerebellum (B), and the^reat of the 
nervous system. - ' . . ' 

The mid-brain comes next (a, b) the ventral part forming the 



Fig. 185.-~The brains of different vertebrate animals, O, olfactory, lobe (smell) ; F, the cerebrum 
(higher psychical activities) ; MB, midbrain, and C, cerebellum (co-ordination) ; M, medulla (control 
respiration, circulation, etc.). 

1. Dogfish. 3. Frog. 5. Rabbit. 7. Monkey. 

2. Salmon. 4. Pigeon. 6. Dog. 8. Man. 

The size of the brains are obviously not in proportion to each other. Their relative sizes may be 
judged roughly from the size of their heads which are familiar. 

peduncles or crura of the cerebrum (A); the largest portion of the 
brain. ' . . 

A further figure showing the internal structure of the brain is 
given in relation to the Cerebro-Spinal Fluid.. 

But such a complex brain as the human organ does not obtain 
throughout the vertebrate series. Some idea of this is given in 
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fig. 185, p. 575, whicli indicates the changes Y^hich are found. 
In the lowest animals the „cerebrum and cerebellum are negligible, 
but with the development of locomotion and the co-ordination of 
movement, the cerebellum and mid-brain become more important. 
They are particularly well seen in fishes and birds which move in 
three planes. Gradually the importance of the cerebrum increases, 
becoming at first simple and later more convoluted, until in man 
it is by far the largest part. It will be seen, however, that through- 
ouT'the^same general plan is retained. It was, however, pointed 
out by Turner that some mammals have brains of a very primitive 
type and he emphasised that the internal structure of the brain 
was more important than the external appearance. 

A comparative study of the brain in different animals has been ^ 
most valuable in jhe elucidation _of the functions of its various parts. 

There is some relation between the degree of development of the 
different parts of the brain and the habits of an animal. For 
instance, animals which rely largely on the sense of smell for their 
prey have a large olfactory area; whereas in such animals as 
the porpoise, which have no sense of smell, the olfactory area of the 
brain is absent. Animals with keen vision have a large visual 
area in their brains ; animals of nocturnal habits, or which live 
underground in the dark, have a very small one. 

It should, however, be added that so far as the cerebrum is 
concerned its development confers potential, for those born with 
the most highly evolved brains do not necessarily use them, and 
many \vhose heads do not suggest high development have remarkable 
powers of mental activity. 



CHAPTEE XLIY 


THE SPINAL COED AND SPINAL NERVE-EOOTS 

The spinal cord is a column of nerve-substance connected above with 
the medulla oblongata of the brain, and situated in the vertebral 
canal. If it is cut across it is seen to be composed of grey matter 



Fia. 186. — Different- views of a portion of the spinal cord from the cervical region, with the roots of the 
nerves (slightly enlarged). In a, the anterior surface of the specimen is shown ; the anterior nen'e« 
root ofdts right side is divided; in b, a view of the right side is given ; in c, the upper surface is 
shown ; in d, the nerve-roots and ganglion are shown from below. 1, the anterior median fissure ; 

2, posterior median fissure ; 8, anterior lateral depression, from which the anterior ner^^e-roots are 
seen to issue; 4, posterior lateral groove, into which the posterior roots are seen to sink; 5, ' 
anterior roots passing the ganglion ; 5', in a, the anterior root divided ; 6, the posterior roots, the 
fibres of which pass into the ganglion 6' *, 7, the united or compound nerve ; 7', the posterior primary 
branch, seen in a and n to be derived in part from the anterior and in part from tho posterior root. 
(Allen Thomson.) 

which on histological examination is found to be composed largely of 
nerve-cells, and of white matter which' is, composed of nerve-fibres. 
The -white matter is situated externally, and constitutes its cliief 
portion ; the grey matter is in the interior, and is so arranged that 
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in a transverse section of the cord it appears like two .crescentic 
masses connected together by the posterior commissure (fig. 186). 
The apices of each crescent are called the anterior and posterior 
horns respectively. Throughout the whole length of the cord runs 
the central canal, which opens above into the space at the hack of 
tlie medulla oblongata and pons, called the fourth ventricle. 

The spinal cord consists of two symmetrical halves, separated 
anteriorly by a median Jismre and posteriorly by a .median septum 
of neuroglia. It^^is divided into three portions or columns, an anterior, 
lateral, and ^^os^cnor, by columnar extensions of the grey matter. 
Between the anterior and lateral columns spring the anterior 
roots of the spinal nerves (fig. 186 B and c, 5); and just in front 
of the groove between the lateral and posterior columns the 
posterior roots enter (b, 6): a pair of roots on each side corresponds 
to each vertebra or_ segment. The posterior root is char acter ised 
by the^'gmgUdn on it. These two roots after a short distance join 
togetherto form what is known as a mixed nerve. The functions 
of the roots are dealt with later, but it may be noted here that the 
anterior is efferent or motor and the posterior is afferent or sensory. 


Methods of investigating the Tracts of the Central Nervous* 
System and the Spinal Hoots. 

(a) It has been possible to trace some tracts hy stvimilating them 
at one point and obser\dng the effect, and this may be amplified 
by section of the pathway at various points. 

(5) It has been found possible also to follow certain tracts, 
by tracing the course of action potentials. Most of our informa- 
tion has, however, been collected by older or more laborious 
methods. 

(c) The cmhryological methocL — It has been found by examining 
the spinal cord at different stages of its development that certain 
groups of the nerve-fibres put on their myelin sheaths at earlier 
periods than others, and so the different groups of fibres can be 
easily distinguished. 

{(1) Wallerian or degeneration method. — This method depends upon 
the fact that if a nerve-fibre is separated from its nerve-cell 
it degenerates. It consists in tracing the course of tracts of 
degenerated fibres, wliich result from an injury to any part of the 
central nervous system. A^Tien fibres, degenerate peripheral to 
lesion, the tract is one of descending degeneration, and when the fibres 
degenerate in the opposite direction, the tract is one of ascending 
degeneration. By the modern methods employed in staining the 
central nervous system, it has proved comparatively easy to distinguish 
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degenerated parts in sections of the cord and of other- portions of the 
central nervous system. Degenerated fibres have a different staining 
reaction from normal tissue when the sections are stained by the 
3>Vejgert-Pal metho d ; this consists in overstaining them in a special 
solution o~f hasmatoxylin, and then decolorisiag with potassium 
permanganate and sulphuric acid. The degenerated .. fibres - appear 
light, -yellow,, whereas the healthy fibres remain a deep blue. 
Marchi’s osmic.acid method has already- been referred to on p. 56. 
Accidents to the central nervous system in man have given us 
much information on this subject, but this has been supplemented 
and largely extended by experiments on animals, partieulaTly on 
monkeys, and considerable light has been shed on the conduction 



Fip» 18T. — ^Diagram to illustrate Waller i an degeneration of nerve-roots. 

of impulses to and from the nervous system by the study of the 
results of section of different parts of the central nervous system, 
and of the spinal nerve-rpots. 

By the degeneration method it has been possible to show that 
the anterior roof is composed of the axons of cells in the anterior 
horn of the spinal cord and that the ‘ posterior root is composed of 
axons of cells which are situated in the ganglion of the posterior 
roots. Separation of the axons from their parent cells results in 
degeneration of the distal end of the axons. These facts, made out 
by the elder Waller, are illustrated by fig. 187 in which ; 

A represents a section of the mixed nerve beyond the union of 
the roots ; the whole nerve beyond the section degenerates, and is 
consequently shaded black in the figure. 

B represents the result of section of the anterior root; only 
the anterior root-fibres degenerate ; the sensory fibres of the 
posterior root remain intact. The small medullated nerve-fibres 
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OHAPTEE XLV 

THE KEFLEX ACTIVITIES OF THE' ANIMAL 

The function of a'' nervous system, however simple or however 
complicated, i s to ad just the_activities ..of _the .animal. within . itseE 
and towards its environment. It is the function of, the central 
nervous system to receive impulses by means.of .the afferent nerves, 
to correlate them, and to send out appropriate stimuli by the efferent 
nerves to the various parts of the body." ' ■ 

A large amount of this adjustment takes place without conscious 
effort, and is purely automatic or- reflex. We may indeed look upon 
the reflex as being the, .physiological- .unit.. of .the. nery.ous system. 
A reflex may be deflned as the response by an effector- organ to -a 
^imulu||' received by. . a. receptor and transmitted by aj^qnductorT 
which is itself incapable of _the;,endTeffect. It depends, as we have 
seen, on .a chain .of neurones. C 

In considering the nervous'system^'r axTahirn^'-fforn this p6int‘ 
of view, we are reminded of -- that of a simple segmented animal, such 
as a crustacean, where it is evident that, while each segment has 'a, 
considerable degree of local control, by means of connecting fibres 
the various segments may act in linison for the benefit of the animal 
A very similar, but more elaborate' mechanism is seen in the higher 
animals, and it will be seen, that each part of the nervous system, 
exercises a certain degree of local control, yet is connected and acts 
when necessary with the higher parts of the system. 

Before studying reflex action in detail it is convenient to consider 
briefly the functions of the spinal cord and its roots. As would bej 
expected from what has been said above, the spinal cord connects] 
together different parts of the nervous system and at the same time) 
is a centre for local control or reflex action. ' ' - 


y The Functions of the Spinal Oordr 

pihese functions wili he considered in more detail later and need 
."only" be summarised at this stage.J 

As an organ of conduction the spinal cord carries impulses to 
■ and from the brain, some, of which are related to conscious activity 
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.and others to more aromatic or reflex actmties of the body, such as 
the /maintenance of^po*stiire.. ;The actual pathways concerned have 
already been described. 

fbx addition,, the association tracts link together various levels 
of the cord and- bring^abqut co-ordination of activity between different 
levels of the body. 

As a reflex centre the cord brings about a considerable correla- 
tion of the acti'vdties of the animal. For the most part these are 
concerned with_the protoction of the animal, with movementsjf such 
as walking! and with the control of the excretory mechanisms of the 
b ladder and rectum. jThe actual reflexes are dealt with in detail 
below. 


Functions of tlie Roots of tbe Spinal Nerves. 


Each spinal nerve, we have seen, originates from the spinal 
cord by two roots. Tlie antcinor or ventral root consists of nerve- 

fibres which originate from 
the large multipolar cells 
in that portion of the grey 
matter in the interior of 
the spinal cord wliich we 
call the anterior horn. These 
nerve-fibres are all medul- 
la ted ; the large ones join up 
with, the posterior root to 
form the spinal nerve ; the 
small nerve-fibres leave the 
root and pass to the sjmi- 
pathetic chain, which then 
distributes non-medullated 
fibres to the involuntary 
muscles of the blood-vessels 
and viscera. 

The other root, the posterior 
or dorsal root, has upon it 
a collection of nerve - cells 
forming the spinal ganglion. 
From the cells in the ganglion two processes take origin. In the 
embryo these are separate but in the adult form they are fused, 
forming a ’^-shaped junction (fig. 189, B). 

The discovery that the anterior roots are motor and the posterior 
sensory is usually attributed to BeU (1811); but an examination of 
his writings shows that the deductions he drew were incorrect; 



Fio. 1^0. — A, Bipolar cell from spinal ganglion of a 4 
weeks’ embrj'o; n, nucleus; the arrows indicate the 
dirf^ction in which the nerve processes grow, one to 
the spinal cord, the other to the periphery. B, a 
cell from the spinal ganglion of the adult; the 
two proces^jes have coalesced to form a 
junction. (Dlagrarainatic.) 
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it .was Magenclie (1822) who gave the first unassailable description. 
Similar observations in regard to the cerebral nerves were first ^ 
made by Mayo.* Magendie found 
that on section of the anterior roots, 
there was paralysis of the muscles 
supplied by the nerves ; on. section of 
the posterior roots there was loss of 
sensation. These experiments clearly ^ 
poiated to the conclusion that the 
anterior roots contain the efferent 
(motor) fibres ; and the posferior'roots 
the afferent (sensory) fibres. THi¥ con- 
clusion was confirmed by the experi- 
ment of stimulation. Stimrdation of 
the peripheral end of the cut anterior 
root caused muscular movement ; of l^O.— niat^am to illustrate recurrent 

tne central end, no effect. Stimulation* 

of the central end of the cut posterior root caused pain and reflex 
movements ; of the peripheral endj no effect on voluntary muscle. 

The latter causes vascular dilatation (see Autonomic Nervous System). 

Recurrent semibility.r— One of the statements just made requires a slight 
modification, hainely, that excitation of .the peripheral end of a divided anterior 
root will evoke pain ^ and what are known as reflex movements, as well as direct 
movements; that is to say, the anterior root, though composed maiqly of motor 
fibres, .contains_affew.-.sensory, fibres .coining from the membranes.^of .the. spinal - 
cord;;and then running into the posterior root with the rest of the sensory fibres. 
They often, however, run down the mixed nerve .-a- considerable -distance before 
returning to the posterior roots. 

Tlie preceding ‘diagram (fig. 190) illustrates the course of one of these recurrent 
fibres (r) ; the arrows represent the direction in which it conveys impulses, 

Eeflexes. 

It has already been stated that the reflex may be considered the 
physiological unit^.of^ the : nerypus^system. It has been usual to 
. classify reflexes anatomically according to the amounts of the nervous 
system which they involve, but it is really best, however, to classify 
them physiologically, which is also their order of phylogenetic 
appearance. 

1. Protective Reflexes. — These' are seen in all animals and 
..protect the animal from injury by withc^awing the stimulated part. 
Most_involve^the spinal cord but^ome. the brain stem. They are 
brought into operation by harmful stimuli. 

2. Antigravity Reflexes maintain the rigidity of the limbs 

against the force of gravity. They involve the spmal^ cord and the 
medulla. . , ' 

" 3. Righting Reflexes adjust flrst the position of the head to , 

* Mayo was the first Professor of Physiology in King’s College, London. 
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N 

The reflex activities of the spinal cord may be studied in a 
spinal animal, i.e. an animal in which the brain has been destroyed 
or the spinal cord cut across in' the cervical region. In the case 'of 
a mammal aitiflcial respiration is necessary since the respiratory 
centre is cut off, unless the section is made below the origin of the 
phrenic nerves. 

The simplest way to produce a typical spinal mammal is to clamp 
the vertebral and the carotid arteries and allow time for the 
anaesthesia to pass off. (See flg. on p. 600.) 

A cat so operated upon, after a short period of shock has passed 
off, assumes a characteristic position of flexion ; it curls up (fig. 19.7). 



Fio. 191. — Reflexes in the frog (diagrammatic). In 1 the normal reflex tone N of the legs as indicated 
by the partial flexiotl at the knee is seen. This is absent if the spinal cord is destroyed, P. 'In 2 
is seen the flexion withdraival reflex. PW is the response to a harmful stimulus and the thrust 
reflex S to a blunt object, B. 

If a limb is pinched or pricked it is at once withdrawn (flexioi^ 
withdrawal reflex). Tins is obviously a defence reflex to remove 
the limb from the injuring force or noxious stimulus. Some time s the, 
stimulus throws the whole animal into extreme flexion '(mass reflex)./ 
After a period of absence of reflexes after operation a 'spinal 
animal may also show extensor reflexes also (fig. 191). 

After destruction of the brain of a frog the shock of the operation 
renders the animal for a variable time motionless and irresponsive 
to stimuli, but later on it gradually assumes a position which differs 
but little from that of a conscious animal. If thrown into water 
it will swim ; if placed on a slanting board it will crawl up (Goltz); 
if stroked on the flanks it. will croak (Goltz) ; if it is laid on its 
back, and a small piece of blotting-paper moistened with acid is 
placed on the skin, it will generally succeed in kicking it off; if a 
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foot is pinched it will draw the foot away ; if left perfectly quiet it 
remains motionless. (Sherrington, 1920 ; Cree^ Denny-Brorra, 
Eccles, Liddell, and Sherrington, 1932.) 

The Protective Reflexes of Man. 

The occurrence of many protective reflexes in man similar to 
those in animals are fiicts of everyday experience. The flexion 
withdrawal reflex may be elicited during ordinary sleep or light 
anresthesia. It ,is also obtained in individuals suffering from 
paralysis due to injury to the pyramidal tracts and who may be 
unable to move ilic pa.rt voluntarily. 


The Extensor Antigravity Reflexes. 

These reflexes are most conveniently seen in an animal whose 
brain stem has been cut across just above the pons -(see Decerebrate 
Animal), but they are also obtained from a chronic spinal animal, ■ 
that is, an animal whose spinal cord has been cut across some time 
previously and in which the shock of the section has passed off. ^ 
: Normally the activity of the reflexes is reduced by the activity ’ 

. of the cerebrum, hence the necessity for its removal. 

The pathwa}'s on wliich they depend are similar to that of the 
simple spinal arc, but in addition there are pathways to (spino- 
vestibular) and from (vestibulo-spinal) Deiters’s nucleus, ix. the 
lateral vestibular nucleus in the upper part of the medulla. 

The Stretch Reflexes. — These are the reflexes which keep the 
legs of the animal straight in standing and .are normally found, 
'as. would be expected, in the extensor muscles. They may be 
demonstrated by stretching a muscle, as by sudden bending of the leg,, 
or by tapping a tendon. As these facts suggest, they are set up by) 
impulses from the muscles themselves, and this is proved by the*’; 
fact that they are abolished by section of the posterior roots through ' 
which the impulses from the muscles pass. Moreover, if a muscle 
is denervated and attached to a lever by which its tension may 
be measured it is found that when stretched it develops much 
less tension (not more than 20 per cent, due to its elasticity) than 
when its nerves are intact. The reflex is not abolished by local 
anaesthesia of the tendon. Many reflexes of this type occur but 
the thrust reflex and crossed extensor reflex may be taken as 
examples. They are also the bases of the postural reflexes which 
are discussed in a later section. 

The ihrnst rejlex is seen if a sudden force is applied to the 
foot so as to bend the leg. This causes the quadriceps extensor 
in the front of the thigh to contract and the limb to straighten 
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The importance of this reflex in propelling the body forward in 
walking is obvious. (See also S in fig. 191.) • ' 

The crossed extensor, _ reflex &eQU in the quadriceps extensor 
cf the thigh when the corresponding nerve of the opposite side 
is stimulated. It, too, lis^part' of . the walking mechanism since 
the lifting of one leg requires increased contraction of the muscles 
of the other to maintain the weight of the body. The crossed! 
extensor reflex is dramatically inhibited by stimulation of a sensory/ 
nerve of the same side (fig. 192). 



Fia. 192, — Eecords sliowing inliibition of the crossed extensor reflex in the cat. 
(Drawn from two records by Liddell and Sherrington.) 


Difference "bet-ween the Plexor and Extensor Reflexes. — 
Flexor reflexes, being protective,, are more immediate and rise to 
a maximum more rapidly than extensor reflexes which rise slowly. 
In so doing they are said to' demonstrate recruitment as they 
apparently bring into action more neurones and muscle fibres as - 
the stimulus is kept up. This is possibly an adaptation to the 
load to be borne and appears to be a “self-braking” action in such 
reflexes, for if the afferents of the executant muscles are cut the 
contraction is speeded up.‘ ExtensoT reflexes show a Jpng-_after:^_. 
discharge (see p. 590), presumably because of their reaching their 
maximum slowly. 

In the extensor reflexes the slow acting red muscles (see p. 15) 
play a predominant part^ but white fibres may also be used. It 
is this use of~ the red muscles which makes the extensor reflexes . 
less. liable to fatigue; indeed, a single unit may go on discharging 
at a slow rate, 5-8 peFsec'ond indefinitely. 

Tlie Sensory Nerve-endings in Muscle. 

From what has been said of the extensor reflexes it is evident 
that there are important, sensory nerve-endings in muscle and allied 
tissues. These were found histologically by Euffini (1898) and 
by Golgi. They are studied in relation, to Sensation in general 
later. 
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^ The Properties and Characteristics of Reflex Arcs. 

* Eoflex arcs liave certain characteristics wliicli may be seen in the 
study of the spinal reflex. These are of importance, as there is 
reason to believe that similar characteristics are exemplified in 
liigher arcs also. Most of these characteristics, it will be seen, 
really depend on the properties of the region of the synapse; indeed, 
much of our knowledge of this region has been obtained from the 
study of reflexes. The synapse is discussed in a separate section 
below. 

Resistance. — If the time wliich a reflex ought to take be 
calculated from our knowledge of the rate of the nerve impulse 
as conducted by nerve-fibres, it is found that the actual time taken 
is appreciably longer. This extra time or Tedu^^J^o--‘’ex_time has 
presumably been spent in traversing the centraj/^ ' system and 
especially in passing across tbe synapses ^Hjetweea une 

neurone and another. It has been calculate pons''(see Deed lost at 
a synapse is 0’002 sec. chronic spinal i 

Effect of Repetition of Stimulu^^®®^ across somg been 
evoked it is found that it becomesiup to'^^ptlop. -^l^s^P^ss.gingly 
easy to elicit it, and the reduced reflex time becomes'*'' ^itsened. 
This is known as facilitation. This fact is of obvious imp^ 'tance 
in relation to increase of skill in various manual occupations. 
Beyond tliis point, however, fatigue may readily set in. This must 
occur on the central part of, the arc, at the synapse, since nerve 
is not fatiguable in the ordinaiy sense ; it is found that when fatigue 
is present and a reflex can no longer be elicited, the muscle concerned 
can still be made to contract through its nerve or through another 
afferent nerve. Fatigue of a spinal reflex appears to be recovered 
from with remarkable speed, provided the blood circulation is 
good. 

Summation. — Although a stimulus may be insufficiently strong 
to elicit a response, the repetition of the stimulus may be effective. 
The fact suggests that there is an acciunulation of excitatory states 
(see p. 592) centrally or peripherally at the point of stimulation. 
Thus it may be possible to bring about a response with two 
separate subliminal stimuli, each of which is insufficient; or, if 
each is sufficient, the total effect will be greater than with each 
independently 

Summation of chemical stimuli is well illustrated by Tiirck’s 
method. If a number of beakers of water are prepared, acidulated 
with 1, 2, 4, etc., parts of sulphuric acid per 1000, and the tips 
of a spinal frog’s toes are immersed in the weakest, the frog does not 
at first respond, but in time the cumulation or summation of the 
sensory impulses causes the animal to withdraw its feet. If this is 
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repeated with the stronger liquids in succession, the time that 
intervenes before the muscles respond becomes less and less. This 
method also serves to test reflex irritability when the frog is under 
the influence of various drugs. _ 

X Depfendence on Oxygen. — We have noted that fatigue may 
set in if a stimulus is- too often repeated. - If, however, the 
oxygen supply is deficient, it sets in ■ more readily. ■ Synapses; 
are apparently particularly sensitive to the effects of oxygen-l 
want. A faU of Woqch^^ markedly depresses 'the reflexes,!, 

which disappear in man when the mean arterial pressure drops 
below 50 mm. Hg. It is possible that the height of the blood- 
pressure is of considerable-importance in relation to. nervous activity, 
but it is extremely difficult to obtain definite data bn this point. 

Dependence on Carbon Dioxide. — Some reflex arcs, e.g. those 
concerned with posture, require carbon dioxide as is shown hy the 
fact that if the carbon dioxide is washed, put, by over-ventilation 
the reflexes disappear. It is probable that in part at least this 
apparent dependence on carbon dioxide is really that this gas 
facilitates, as ,we have seen, the unloading of oxygen from the 
blood. ' ' ■ ' 

Spread. — ^The effect of a given stimulus which is capable of 
evoking a reflex depends vPry largely on its strength. A relatively 
weak stimulus may cause a simple response confined to one limb, 
but a stronger stimulus may spread not only to the opposite side 
but also to the adjacent segments of the cord, bringing about a 
generalised movement. It appears likely that in the first instance 
the afferent impulses take the easiest path, which suggests that 
the resistance of the synapses in the various- paths may vary 
appreciably. It is considered that such a grading ' of synapses 
may play an important part in the general activity of the nervous 
system. 

X.,' Local Sign. — If a portion of the body be -stimulated, e.g. the 
flank pinched, it is observed that .the reflex is definitely purpose- 
. ful and the movement is directed towards the removal of the 
stimulation. Thus a piece of blotting paper soaked in dilute 
sulphuric acid and placed on the flank ■ of a decapitated frog, is 
removed by the reflex activity of its hind foot. 

Unidirectional Conduction.— We have noted that a nerve 
impulse'may be carried in both directions along a nerve. In a, reflex 
arc the impulse can, go in-one direction j3nly.„ 

Inhibition. — Qne re flex can inhibit another, the reflex more 
important, for , the welfare, of the animal predominating. This we 
-have already seen in relation to the crossed extension reflex. , It 
is also evident in regard to the scratch reflex (p. 613) in which 
one protective reflex predominates , over another. The inhibition 


590 REFLEX ACTIVITIES OF THE ANIJtAL [CH. XLV. 

of a sneeze by firm pressure on the upper lip is a similar 
phenomenon. 

... . The Nature of the Reflex Response. — If a motor nerve is^ 
stimulated by a single shock the resulting response is a muscular 1 
twitch. If a tetanising current of short duration is applied to a j 
motor nerve all the muscle-fibres supplied contract at once and the i 
tension rises and falls abruptly. If, however, the same stimulus is j 
used to actuate it reflexly the rise and fall of tension are more ; 
gradual as more nerve and muscle units come into action and are 
released. This is specially well seen in the antigravity reflexes and/ 
is very characteristic of reflex action. It should perhaps be added 


TLEXOR REFLEX OF SEMlTENOOSlS OF SPINAL CAT 



CROSSED EXTENSOR REFLEX OF QUADRICEPS OF DECEREBRATE CAT 



Fio. 193.— Upper— A typical flexor response. Lower— A typical extensor response. 
(Drawn from four records by Liddell and Sherrington.) 


that in order to demonstrate such rapid changes it is necessary to 
use a photographic recording system as the inertia of an ordinary 
lever system is too great. The movement or other activity produced 
reflexly does not cease directly the stimulus is removed, but 
■ continues for a time after cessation of stimulation. This phenomenon 
is called after-discharge, and is one of the most striking features 
• of reflex action. 

If during tonic contraction an inhibitory afferent nerve is 
stimulated, the contraction at once becomes less, but the muscle 
again contracts the moment the inhibitory stimulus is removed, 
often to a larger extent than before. This is known as rebound, but 
is a very variable phenomenon (see fig. 202). ' 

There is considerable overlapping in reflexes. (See the Motor 
Unit and Motonourone Pool.) 
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It will be realised that many of the characteristics of reflexes 
depend on the synapses concerned. 


The Action of Drugs on Reflexes. 

Reflexes are enhanced by stryc hnine an d,.diminished by .bromide, 
which a pparently a,cts qh^ tlie"resistan^^ of the synapse. ' It "is of 
inter^t' that these drugs are used commonly in medicine, strychnine 
to enhance and bromide - to depress the activity of the nervous 
system. Nicotine paralyses the transmission of impulses at the 
synapses , m,^auJpnQniia„ganglm (see p. 79) and is responsible for 
the harmful effects of the exce^ive smoking of tobacco. 


The Synapse. 

It has become increasingly evident that', the region of the 
synapse is of great functional importance. The term was introduced 
by Foster and Sherrington in 1897 and is derived from a Greek 
word meaning “ a clasp.” 

The structure of the synapse is not usually dealt with 
adequately in' books on Histology, and is of interest at this stage. 
Detailed histological study of the synapses was at first disappointing 
in the mammalian nervous system. It was thought at first that 
there might be nervous strands between the neurones, and this 
view was held particularly by Golgi of Milan, but all later methods 
have failed to show such strands and the evidence from degeneration 
indicates that structurally each neurone is distinct from the others 
in its vicinity (Waldeyer, 1891). Increasing attention has, however, 
been paid to the nerve terminals. 

It was originally shown by Eamon y Cajal in Madrid^ that at 
the junction between some neurones the_terminations of axons were 
enlarged to form “ boutons ” which lie close to adjacent nerve-cells 
as indicated in fig. 194a. The existence of these “ pieds. terminaux,” 
.as they are also called, has now been generally confirmed and 
accepted, but they are best seen in the lower animals (fig. 1945). 
When cut off from their parent cells the “boutons” swell up to 
about twice their size and degenerate. (See Fulton, 1938.) 

The Properties of the Synapses. — The conception of humoral 
transmission at synapses (p. 65) makes it possible to assume that the 
“boutons” have a special function in bringing about the release 
of the chemical mediator to which the next nerve-cell is peculiarly 
sensitive, and it would be easy to account for the properties of the 
synapse in terms of the accumulation and continuance of the. action 
of a chemical transmitter, and to show how it might be responsible 
for these '^’bpef ties, which are : — 
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stimulated the excitation of the post-ganglion fibre precedes the 
release of .:the acetyl-choline (Lorento de No), while Eccles has been 
unable to find that eserine which affects the action of acetyl-choline 
elsewhere affects synaptic delay. These workers postulate that, 
something like an electrical charge accumulates at the region of 
the central cell and is “detonated” by afferent impulses. It may 
be shown that it is more correct to speak of an accumulation of 
excitatory, ions. 

It is important to realise that there are probably many synapses 
in reflex arcs, not only so but there may also be alternative path- 
ways through internuncial (short connecting) neurones which 
probably play an important part in determining the priority of 
impulses in competition for the control of the anterior horn cells of 
the motoneurones. 


The Motor Unit and the Motoneurone Pool. 

In the introductory section on the nervous system the illustra- 
tion of the reflex arc (fig. 31) has, for simplicity, been given in terms 
of one cell of the anterior root passing out to a muscle. By cutting 
the posterior root and allowing time for degeneration it has been 
possible to count the number of nerve-fibres passing to a muscle 
and to compare it with the number of muscle-fibres. In some 
instances, it has been found, by Eccles and Sherrington, that a 
simple large nerve-fibre may supply from 140 to 160 muscle-fibres, 

■ but smaller nerves might supply smaller units of 5-10. In a 
muscle there may be several hundreds of such units which are 
innervated from a group .of anterior horn cells which the Oxford 
School have designated its “ mo to-neurone pool.” The .cells of the 
pool are operated by impulses~1Frbm'’the'ffescending tracts from the 
brain and from a variety of sensory regions in their own segment, 
from segments above and below and from the .opposite side. Two... 
or more afferent fibres may operate the same group of cells of.', 
the pool and produce occlusion. This abcounts for the fact that 
the tension developed reflexly by the stimulation of two afferent 
nerves may be less than the sum of each separately. Similarly, 
since any afferent nerve only operates part of the pool its stimulation 
can never produce as much tension as is produced by stimulation 
of the whole motor nerve. This phenomenon of fractionation 
recalls the fact that voluntary effort does not call forth the greatest 
tension possible. The overlapping of the areas operating in the 
pool also . explains why certain pairs of afferents when excited by 
subminimal stimuli may produce excitation, but when other 
neurones are excited the stimulation is ineffective. 
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standing on the other leg by the side of the chair. The calf muscles 
of the kneehng leg are thus slightly stretched by the. weight 
of the foot, and a sharp tap upon the tendo Achillis elicits the jerk. 

Jerks of the biceps, triceps, and supinator of the upper limb 
may also be elicited in a similar way, but they are not normally 
so active. The jaw-jerk, which causes the open lower jaw to close 
sharply when its point is tapped, is only present -when the path to 
the motor nucleus of the 5th nerve is involved. 

Ankle-clonus . — This is elicited as depicted in the next figure : the 
hand is pressed against the sole of the foot, the calf muscles are thus . 
put on the stretch and they contract, and if the pressure is kept up • 



Fra. 196. — Ankle-clonus. (M. Barclay Smith.) 

a quick succession or clonic series of contractions is obtained. This 
is nut j:e adily obtaine d in hea lth. ^ ^ 

The exact course of the reflex arc concerned in the knee-jerk has 
been worked out by Sherrington in the monkey. The nerve-fibres 
are mainly those wMch pass (1) to and from the. extensors * by the 
anterior femoral nerve, and' (2) to and from'^the^ hamstrings by the 
sciatic nerve. The fibres which supply the extensor arise from the 
spinal nerve-roots which in man correspond to the 3rd and J:th 
lumbar; the hamstring supply is from. the 5th lumbar and 1st and 
2nd sacral roots. ^ / « 

Lombard's experiments upon the knee-jerk indicate^that. Jt.Js - 
sometimes more readily obtained even ^in the same person than at 
other times. It varies with ^changes in mental activity,_and^during 
sleep may be entirely absent. It^.is increased and diminished by 
whatever increases or diminishes the relative state oL in dtabilit y of 
the nervous system as a whole. 

Closely related to this is the phenomenon \ir^o^vu ^o^ rdnfoTcc;nunt 
of the hnec-jerh, which was first described by J endrassik in 1883, and 
has since been studied by numerous observers. The extent of' the 
jerk may be increased if at the time the patellar "tendon is struck, a 
* Sometimes knowii as the vastus crureus. 
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strong voluntary contraction, such as clenching the fists or the jaw, 
is made by the individual. Injnany normal persons the knee-jerk 
is difficult to elicit^ but it must never be, regarded as absent until 
remforcement has been tried. After the reinforcing action has 
occun*ed”it"is followed by an interval in which the knee-jerk is 
lessened (inhibition or negative reinforcement). 

Absence of Reflexes. — The tendon reflexes must obviously dis- 
appear if any part of the arc on which they depend is destroyed. 
Disease or injury of the afferent neiwe, efferent nerve, or spinaLgrey 
matter, aboKshesJhem. Thus they cannot be obtained in locomotor 
ataxy (damage to the posterior nerve-roots), or in infantile paralysis 
also known as anterior poliomyelitis (damage to the anterior horns 
of grey matter)T Tins absence of the reflexes is therefore anj 
important diagnostic sign of disease of the spinal cord or of thef 
nerv^e “^ropts. Especially is this so if the tendon reflexes which| 
are usually elicited are affected, but the superficial reflexes (see 
below) are more variable and may be unobtainable even in the 
absence of nervous disease. 

Alteration of the Character of the Reflex. — ^This is well 
seen in the case of the knee-jerk. In lesions of the pyramidal 
tracts as in the decerebrate animal the knee-jerk is too weU 
sustained, but on the other hand in cerebellar disease the leg falls 
quite limply. The normal is midway between the two. These 
facts indicate that the knee-jerk is intimately related to higher 
mechanisms. It is indeed a fractionated stretch reflex or part of 
the more complicated reflex by which we stand (see Mid-Brain 
Animal). 

The Influences of the Higher Centres on Lower Reflex 
Arcs. — If, in the frog experiments referred to on p. 585, the cerebrum 
only is destroyed and the optic lobes left intact, the reflex reactions 
are found to be appreciably slower, thus showing the inhibitory 
effect of the remaining parts of the brain. 

In man, this influence is of considerable clinical importance in 
the diagnosis of nervous disease, in which an exaggeration of the 
reflexes may, in certain circumstances, be considered to indicate 
that the higher centres have been cut off, e.g., by damage to the 
motor tracts. The state thus produced is that of the chronic 
spinal animal in which the shock of the operation has passed, off., 
Research suggests that the exaggeration is essentially the result of 
the cutting off of the impulses which pass down the rubrospinal 
tracts, but as these tracts lie in close association with the pyramidal 
tracts in the cord, conditions which affect one tract commonly 
affect the other. The reflex may be exaggerated in any condition 
which increases the irritability of the nervous system. ^ 

The effect of reinforcement referred to above is a closely aUied 
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phenomenon, but a generally accepted explanation has not yet been 
found. On the other hand, we are familiar with the fact that 
reflexes may be largely inhibited by volition, e.g, sneezing. Cranmer, 
when burnt at the stake, held Ins hand in the fire till it was 
consumed. ' ^ 

The, Plantar Reflex. — We have seen in the frog experiment 
described above that two reflexes may be produced by stimulation of 
the foot. Two similar reflexes are seen in man : the withdrawal 
reflex , involving fanning of the toes and dorsiflexion of the gfeat - 
toe (extensor plantar response) ; and the thrust reflex, .involving ' 
flexion of the .toes , (flexor plantar- response). Normally they are 
elicited by two distinct varieties of stimulation, but, as a result of 
walking,*the protective withdrawal reflex is in partial abeyance and 
a scratch of the sole of the foot with the finger-nail causes 

flexion of the toes. -In disease of the pyramidaP tracts,i;'*"howevern 
or in very deep sleep, whether normal or produced by a' narcotic;;) 
when local protection is more essen^i^^^he withdrawal reflex is ( 
more prominent and (such/stimulatioi^causes extensi(m of the toes,/ 
especially the great toe.. This is animportant diagnostic sign-m'f/ 
interference with the^^pyramidal ^tract „ (Babinski’s sign) 3 r, .‘toj 
some persons it may appear in excessive fatigue as occurs aft^- 
long marches. This may be the result of fatigue of the higher; 
centres. American workers have put forward evidence that the ! 
fanning component is the result of interference with, the extra-, 
pyramidal system from the red nucleus.' (See Eulton.)p''-/3 ^'’ 

The Relation of Reflexes to Muscle Tone.-^Comm(?nly/' 
changes in the reflexes are associated with alterations in muscle*^ 
tone which we kiiow to be a reflex phenomenon, but for convenience 
this is considered separately. • 

The Superflcial Reflexes. 

These reflexes are probably protective , in nature. They are 
obtained by a gentle stimulation, such as a touch on the skin; the 
muscles beneath are usually affected, but muscles at a dista.nce may 
be affected also, for example : ' 

a. Crluteal reflex: a contraction in the gluteus when the skin 
over it is stimulated. 

b. Cremasteric reflex : a retraction of the testicle when the skin on 

the inner side of the thigh is stimulated. ' , . 

c. Abdominal reflex: a contraction of the muscles of the 
abdominal wall when the skin over the side of the abdomen is 
stroked ; tbe upper part of this reflex is a ?very deflnite contraction 
at the epigastrium, and has been termed the ^^igastric reflex. 

d. A series of similar reflex actions may be obtained in the muscles 
of the back, the highest being in the muscles of the scapula. 
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These reflexes conunonly disappear if the pyramidal tracts are 
4 destroyed, but they are so variable normally that little is known 
xegafding the exact pathways on which they depend. In animals 
some of them appear to play a part in the driving off of flies. 


The Visceral Reflexes, 

The spinal grey matter contains centres which regulate the 
operation of many involuntary muscles. Some of these centres 
are: — 

The c ilio-sp inal cent^ which controls the dilatation.of -the pupil; 
it is situated in the lower cervical region, reaching as far down as 
the origin of the first to the third thoracic nerve. 

Subsidiary vasomotor centres. The principal vasomotor centre 
is situated in the bulb, and subsidiary centres are scattered through 
the spinal grey matter. 

Centres probably exist for all the muscular viscera, but particular 
study' has been directed to those in the pelvis, and centres -for 
micturition, defcecaiion, eHction, parturition are contained in the 
lumbp-sacral region of the cord. If the spinal cord is cut, through 
above the situation of these centres, the result is, in general terms, 
that any influence of the higher (voluntary) centres over these 
actions is no longer possible. The actions in question are then 
simply reflex ones occurring after a period of shock (see Micturition) 
unconsciously at certain ' intervals, and set in movement by the 
peripheral stimulus (distension of bladder, of rectum, etc.). 

The phenomena of micturition and defsecation have, 'however, 
already been described at length. 


Muscle Tone and tlie Postural Reflexes. 

In our consideration of the tendon reflexes we saw that certain 
reflexes occur when tendons are stretched by tapping or other- 
wise. These reflexes are, however, really part of a most elaborate 
mechanism by which the body maintains, its posture and co-ordinates 
its muscular activities. THe'^d-called “stretch reflex” is therefore 
of fundamental importance in the maintenance of posture. 

. ISTormally the muscles of the body, even when apparently at 
i rest, are not fully relaxed, but are constantly maintained in a state 
/ of partial contraction.. This state we know as tonus. 

This may readily be seen in a. decerebrate frog, which, if held up 
by the head, is seen 'to maintain its legs in a ^slightly flexed position. 
If, however, the anterior or posterior lumbar roots are cut, or the 
spinal cord in the lumbar region destroyed, the legs hang flaccid. 
It is evident from such experiments that the muscular tone which 
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was present was dependent not^ only.„on. impulses which pass out 
fro m the co rd, hut. also, on those which pass in, by the posterior roots. 
Similarly, in man, if any condition is present which interferes with 
the spinal are, either on the afferent or the efferent side, there is 
unusual flaccidity. On the other hand, if the pyramidal tracts 
are destroyed by disease there is found in association with the 
increased reflexes a marked rigidity of the lower limbs due to 
increased tone of the extensors. Generally we may say that loss 
of reflexes is associated with loss of tone and increase of reflexes 
with 'increase of tone. (Cobb, 1925.) 

We may arrive at some, as yet incomplete, explanation 'of these 
facts if we study the phenomenon of muscle tone in a nim als. 

The Spinal Animal has already been studied (p. 585). It has 
been seen that it is possessed of flexor tone and that it shows an 
exaggeration of the protective flexor reflexes, and may, after a 
period of absence^' also show tendon reflexes. (See fig. 197, p. 600.) 

The Mid -Brain Animal. — If, however, the section is made 
through the mid-brain, through or just below the red nucleus, 
quite the opposite state of affairs is produced, namely, that first 
described by Sherrington as decerebrate rigidity, which i^a state/ i/- '.- ' 
in which ...there., is _ gross exaggeration .of,., the .. antigravity' reflexe^^ 

The condition has been much'' studied because of the light it throws 
on the mechanism of posture generally and on states of rigidity 
which occur in disease in man. 

The Nature of the Ttigidity . — Fundamentally the rigidity is .due,. _ 
to a sustained exaggerajiqn of the antigravity . extensor, reflexes • 
already described'ahd ' th^ result of stimuli which originate in the 
stretched tendons and muscles, which normally extend the limb, 
in this condition the limbs are fully extended and are rigid as 
the result of increased tone in the muscles of the back and neck 
in -the quadriceps, the extensor of the knee, and in the gastroc- 
nemius at the back of the leg. There is produced, in other words, 
a condition of reflex standing, since all the anti-gravity muscles 
are contracted and. the preparation can therefore maintain its 
’ own weight if placed on its feet, but cannot right its position 
if pushed over. The .reflex paths concerned in the phenomenon 
may be investigated by studying the condition of the tone present 
in the quadriceps extensor of the knee. It is found that the! 
maintenance of the tone depends on both the anterior and posterior/ - 
roots (lumbar 5 and 6 in the' case of the quadriceps in the cat)’- 
indicating that tonus is . dependent on afferent impulses, arising 
in„.the .muscle itself. These impulses may be shown,, to depend 
, on' the slight"" stretch imposed on the muscle by its bony attach- 
ments Irom the tendency for the legs to bend, since, if the tendon 
is severed, the tonus and the impulses which are found by the 
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Fig. 198. — The lower part of the figure shows a simple spinal reflex arc and the reflex pathways of 
the spinal animal. The upper part .shows the arc responsible for decerebrate rigidity and the 
sources of the impulses from the red nucleus and the cerebrum which inhibit it. For convenience 
the vestibulo-spinal and pyramidal tracts are shown as fusing; also only one neurone is^ shown 
joining PHC and AHC. For simplicity also the sensory fibre entering the cord is shown dividing. 
The three branches are divided from three separate cells in the posterior root ganglion. Probably 
there is a chain of internuncial neuron es[_with lateral connections at this point. 

The higher centres concerned are the red n tuoleus and probably the 
cere brum, for it has been found that careful' destruction of the 
red nucleus only (Eanson) or section of the rubro-spinal tracts does 
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and of athletes trained for specialised events somehow have the 
lengthening reaction reduced. 

The Thalamic Animal. — If ^a section is _ made above the red 
nucleus, the postural reactions"" "and balance of the ahimah are 
cohiplete. Tor convenience the thalamus also is left intact in order 
that the animal shall be able to regulate its own body temperature. 
The animal possesses xighting rejlgxes, that is, is capable of righting 
itself from, any position in winch it may be placed, although ' of 
course by the .removal of the cerebrum it is deprived of all' volition 
and is a mere automaton. It can also walk about, but it does so. 
stiffly because of the presence of the slight exaggeration of tone 
in the extensor muscles, due to some release of the antigravity 
reflexes. If the animal is suspended there is an extensor rigidity 
not depending on stretch reflexes (Bard and Eioch). 

Experiments on the decerebrate and thalamic animal, which we 
owe largely to the schools of Magnus in Utrecht and of Sherrington 
in Oxford, show that^certain parts of the body bear a definite relation 
to each other in the maintenance of posture, and that when one 
part of the body is moved, a reflex alteration in tone changes the 
position of other parts of the body. Thus, if the neck is flexed, the 
fore legs bend and the hind legs extend, while the opposite occurs if 
the head is extended {i.e. a tonic ^le fiZ^ggy^eaxoccursi. Such movements, 
it is realised, take place togethermormfflly ih”the life of the animal 
when it is eating or looking up. Also if one leg is bent the other 
may extend as in walking. This is known as the crossed extension 
reflex. Similarly, if the head is. turned to one side the limbs on 
that side show increased extensor tonus as if to support the weight 
of the body wlaile the tonus of the opposite sffle decreases. 

Thus we see that the central nervous system, as high up as the 
thalamus, is possessed of a very large degree of reflex activity which 
automatically promotes the interests of the animal. 

Cortical Flexion. — As an animal comes out of certain 
anesthetics, e.g. avertin and sometimes ether, it develops typical 
decerebrate rigidity. This, however, gives way to a flexor rigidity 
which is seen in the fore-limbs before the hind-limbs. It has been 
shown that this rigidity depends on the cerebral cortex, since it 
is absent if the cortex is removed (Blair and, McDowall). The 
state is so like that present in a spinal animal that it may be 
suggested that it represents a group of higher.„prp.tectixfi-Lfiflexes. 
The phenomenon is important as it is*^o • similar to the state 
of flexed fore-limbs and extended hind-limbs seen in cerebral 
haemorrhage in man. The so-called convulsions which occur 
occasionally during ether .anaesthesia may be also similarly produced. 
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The Maintenance of Posture; 

: The facts which have been given above show quite definitely 

' that the maintenance of jposture is purely a reflex phenomenon 
which does\hotJ^plve_^ or conscious^^ffprt. The 

experiments* given above suggest that the. muscular reflexes with 
which the nervous system of the elementary spinal animal is 
concerned are those of protection of the animal. With the greater 
development of locomotion are developed the antigravity reflexes 
which are exhibited by the decerebrate animal. Such extensor 
reflexes have arcs through the medulla and pons. They do not, 
however, depend, as used to be thought, on the cerebellum. 
{ Normally, however, these extensors appear to be held in check by 
j.a still higher set of reflexes involving the mid-brain. In the 
' higher mammals this part of the brain is quite small, but in lower 
animals, especially those who have to maintain posture in vertical 
as well as horizontal planes, birds and fishes, the so-called optic 
lobes of the mid-brain are more conspicuous than any other part 
of the brain. These are represented in the mammal by the corpora 
quadrigemina, which are quite small. 

M%isculaT Co-ordination and the Maintenance of ^EguUtbrium , — 
Although posture and equilibrium are closely allied phenomena 
they are not quite identical. Equilibrium includes the m ainte nance 
. of posture, but involves also maintenance of steadiness during 
muscular movement, such as walking. In this, the maintenance of 
proper co-ordination of muscular activity is essential. -The reflexes 
concerned are very similar to those of posture, but, apparently, 
normally they involve to a greater extent the cerebellum and the 
semicircular canals. 

Receptors and Reflexes concerned in Posture and 
Equilibrium. 

The afferent impulses originate from the following four sources : — 
skin ; Joints, andjmuscles.;. xetin® • Jabyrinths. - 

In the accurate investigation of these reflexes decerebrate animals 
are used for the tonic postural reflexes, and thalamic animals (p. 603) 
for the righting reflexes. When one kind of receptor is being 
investigated it is necessary to exclude the others, e.g, by blindfolding, 
by removing the labyrinths, or by immobilising muscles. 

1. The Skin. — Sherrington has shown' how comparatively 
unimportant is the loss of tactile sensibihty from the feet. A cat, 
in which the feet have been completely desensitised by division of 
nerves, can stand and walk without obvious inconvenience. 

^ It has been shown, however, by Rademaker that certain body righting reflexes 
which tend to bring the body from the lateral to the normal position have their 
origin in the skin. 
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2. TOie Muscles and Joints. — We have already seen that 
stretching or tapping of a muscle may originate nerve impulses. 
This occurs from the stretching or compression of the specialised 
nerve - endings, the’ tendon organs, and muscle spindles. The 
shortening reaction appears to depend on the tendon organs (Denny 
Brown) which, however, are not confined to the tendons as originally 
thought, while the lengthening reaction depends on the spindles.- 
The spindles give rise to impulses by which we become aware of 
the movement and position of our muscles, but in this connection we . 
are concerned with those impulses which do not reach consciousness. 
The fibres which carry the latter are off-shoots of the sensory fibres 
and reach the mid-brain and cerebellum via plarke’s column and the ’ 
cerebellar and tecto-spinal tracts. 

The reflexes which are set up are known as tonic and righting reflexes, which 
may arise from the muscles of the body or the neck. Some cause the body to 
follow the head {neck Hghting reflexes)^ others {tonic neck reflexes) cause a change in 
tone in certain muscles (p. 603) in accordance with the requirements of the head. 


The difficulty experienced by quite normal persons in standing 
on one leg with the eyes shut, is due to a reduction of the number 
of these impulses, for the same subjects with the eyes shut can stand 
quite easily on both legs; displacement of the centre of gravity, 
caused by standing on one leg, must however be taken into account. 

In many cases of tabes* there is but little loss of tactile sensibility, 
and the condition of inco-ordination is chiefly due to the loss of 
impressions from muscles and joints. In these cases, however, the 
sense of equilibrium is not lost ; the man realises that he is unsteady. 

3. The Retinse. — The eyes _are important sensory receptors in 
relation to posture and equilibriuiin 

They are the receptors of the o^tjj^JogJ^Mgjrjiflexes, It can be shown that if 
a labyrinthectomised monkey be blindfolded and suspended in any position it makes 
no attempt to right itself, but does so as soon as the bandage is removed.' The 
centres for such^reflexes are in th e occipital cortex . 

The importance of the retinse is increased when the other receptors 
are interfered with. This is well illustrated by the case of the 
tab&tic who has deficient joint and.ihuscle sense due to disease of the- 
posterior nerve-roots; the, visual postural 'reflexes have become 
educated to, replace the diminished reflexes from the muscles, and 
directly the individual is deprived of them he becomes unsteady or 
even falls, 
however, 

unsteadiness, j i 

''•'A's* lias been indicated' above, ‘the capaDiiify^i an individual to/vB^/t^ 
stand on one leg depends, to a considerable extent, on impulses 
from the eyes. In some-individuals the paralysis of accommodation '^i 


.r.i 



by the instillation of atropine into the eyes causes interference with o p- 


* .See footnote on p. 594. 
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fluid called perilym^Ji. Each canal has a swelling at one" end called 
the ampulldT !rhe membranous canals open into, the utricle: the 
horizontal canal' by each of its ends; the and posterior - 

vertical canals by three openings, these two canals beiug connected 
at their non-ampullary ends. 

Fig. 199 shows in transverse section the way in which a mem- 
branous canal is contained within the bony canal ; the membranous 
canal consists of three layers : the outer layer is fibrous - and 



continuous with the periosteum that lines the bony canal; then 
comes the tv/nica propria, composed of homogeneous material, and 
thrown into papUlse except just where the attachment of the 
membranous to the bony canal is closest; the innermost layer is a 
somewhat flattened epithelium. 

At the ampulla there is a different appearance ; the tunica propria 
is raised, into a hillock called the crista ac ustica (see fig. 200) ; the 
cells of the epithelium become columnarTn*^hape, and to some of 
them fibres of the eighth nerve pass, arborising round them ; these 
cells are provided with stiff hairs, which project into what is called 
the caipsdff,^ a mass of mucus-hke material. Between the hair-ceUs 
are fibre-cells which act as supports. When the pressure of the 
endolymph in the interior of the canals is altered, the hairs , of 
the hair-cells are affected, and a nervous impulse is set up in 
the contiguous nerve-fibres, whieh carry it to the central nervous 
system. The stimulation of the hairs is brought about by the 
movements of the endolymph. 
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The Function of the Otolithic Cavities. 

Since the position of the head is of such importance in 
maintaining posture, a special mechanism has been developed within 
the utricle and saccule^ which is a ffected bx, gravity, and in which 
impulses are set^ up which are carried to the brain also by the 
vestibular nerve. 

In each saccule and utricle is the n^ula, resembling in 
structure the cristae acusticse of the semicircular canals (p. WO), 
but in addition there are entangled In the hairs of the hair-cells 
calcareous bodies known as otolithSj which stimulate the hairs by 
pulling. The function of an otolithic cavity was first discovered 
in the crayfish, whose caAuty is open to the exterior and which 
replaces the otoliths periodically by grains of sand ; when Kreidl 
replaced the sand by iron filings and approached the ‘animal with 
a magnet, the animal could be made to turn somersaults or to 
adopt any position, according to the direction of pull of the 
magnet. In the mammal, definite alterations in the tone of muscles /. 
are caused by change in position of the head, even when the 
reflexes due to stretching of the neck muscles are excluded by fixing 
the neck in plaster of Paris. The reflexes from the labyrinths have : 
a longer latent period than those from the neck; the 'effects from 
neck and labyrinth are summated. 

The reflexes are of two categories: (1) tonicjahyrinthine refiexes_ 
which are shown by the decerebrate anim^^andT wEiclTTelate the ^ } •, , 
position of the body and limbs to that of the head. These depend ^ Nr - 
on the utricle whose otoliths lie above the horizontal maculae, and ' 
(2) labyrinthine righting reflexes which are shown by the thalamic 
animal and which are concerned with maintaining the head in the 
normal position in relation to the earth’s surface. If the body is 
moved in such an animal the head is automatically righted. The 
asymmetric righting reflexes depend on the saccules whose otoliths 
lie lateral to the vertical maculse ; the symmetrical righting reflexes 
arise probably in both utricles and saccules. 

After bilateral destruction of the labyrinth an animal soon 
recovers from the effect of the operation, because of its ^dsual 
postural reflexes; but certain functions are never recovered. The 
cat, for example, never regains its proverbial power of falling on 
its feet if thrown from a height, and ceases to be able to rise to the 
surface and swim when thrown into water. 

The function of the otolithic cavities only may be destroyed by 
centrifuging the animal, a procedure wliich causes it to be unable to 

* There is some evidence that the saccule is chiefly concerned with the 
appreciation of coarse vibration. ^ ' 


609 


CH. XLV.] THE SEMICIRCULAE CANALS 

regain its posture, but it may still respond to some extent to sudden 
movement of the head as the semicircular canals act normally. The| 
otolithic cavities may then be looked' upon as the organs of stetipj; 
equihbrium . ' " 

The vestibular nerve arises from the bipolar cells of the ganglion of Sc awa^ 
which is situated in the internal auditory meatus. The peripheral axons ramify 
among the hair-cells of the epithelium in the utricle, saccxde, and semicircular 
canals. The central axons enter a collection of small nerve-cells between the 
restiform body and the descending root of the fifth ; this is termed the principal 
nucleus ; here they bifurcate ; the descending branches run towards the lower 
part of the bulb, and arborise round the cells of the neighbouring grey matter 
(descending vestibular nucleus). The ascending branches pass upwards, some to 
the cerebrum, but most by the restiform body to the cerebellum ; in their course 
they give off many collaterals which form synapses with i^he cells of two nuclei 
near the outer angle of the ventricular floor, known as the nucleus of Deiters and 
nucleus of Bechterem, The fibres which arise from Deiters’ nucleus pass into the 
posterior longitudinal bundles of both sides ; those which start in Bec1iterei6*s 
nucleus become longitudinal, but their destination is uncertain. 


The Function of the Semicircular Canals. 

It will be noticed that the canals on each side are in three 
planes at right angles to each other, and we learn the movements 
of the head with regard to the three dimensions of space by 
means of impressions from the ampullary endings of the vestibular 
nerve ; these impressions are set np by the varying pressure of the 
endolymph in the ampullae. 

Thus a sudden turning of the head from right to left will 
cause movement of the endolymph tow^ards, and therefore increased 
pressure on, the hair-cells connected to the ampullary nerve-endings 
of the left horizontal canal, and diminished pressure on the corre- 
sponding apparatus of the right side. It is probable’ that resulting 
from such a movement two impulses reach the brain, one the effect 
of increased pressure in one ampulla, the second the effect of decreased 
pressure in its fellow. It may even be that increased pressure on 
one side of a crista is accompanied by diminished pressure on the 
opposite face of the same crista. 

“One canal can be affected by, and transmit the sensation of 
rotatidrT'abbiit}" one axis j^in one direction only^ and for complete 
perception of rotation in any direction about any axis, six canals are 
required in three pairs, each pair being in the same or parallel planes, 
and their ampullae turned opposite ways. Each pair would thus be 
sensitive to any rotation about a line at right angles to its plane or 
planes, the one canal being influenced by rotation in one direction, 
the other by rotation in the opposite direction.” (Crum-Brown.) 

The two horizontal canals are in the same plane ; the posterior 
vertical of one side is in a plane parallel to that of the superior 
vertical of the other side (see fig. 201). 
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A^rhen these canals are diseased in man, as in Menike’s disease, 
there are disturbances of equilibrium: a feeling of giddiness, which 
may lead to the patient’s falling down, is associated with nausea and 
yomiting. In animals similar results are produced by injury, and 
the subject has been chiefly worked out on birds by Plourens, where 
the canals are large and readily exposed, and in fishes by Lee. 

Thus, if the horizontal canal is divided in a pigeon, the head is 
thrown into a series of oscillations in a horizontal plane, which are 
increased by section of the corresponding canal of the opposite side. 
After section of the vertical canals, the forced movements are in a 
vertical plane, and the animal tends to turn somersaults.' 



Fio. 201. — Diagram of semicircular canals, to show their positions in three planes at right angles to 
each other. It will be seen that the two horizontal canals (H) lie in the same plane : and that 'the 
^ superior vertical of one side (S) lies in a plane parallel to that of the posterior vertical (P) of the 
other. (The student will understand that, though in the diagram the canals are entirely separated 
from one another, they are really connected.) (After Ewald.) 

the whole of the canals are destroyed on both sides) 
the disturbances of equilibrium are of the most pronounced character.| 
Goltz describes a pigeon so treated which always kept its head with 
the occiput touching the breast, the vertex directed downwards, with 
the right eye looking to the left and the left looking to the right, the 
head being incessantly swung in a pendulum-like manner. It can 
neither stand, nor lie still, nor fly, nor maintain any fixed attitude. 
It executes violent somersaults, now forwards, now backwards, rolls 
round and round, or springs in the air and falls hack to recommence 
anew. It is necessary to envelop the animals in some soft covering 
to prevent them dashing themselves to pieces by the violence of their 
movements, and even then not always with success. The extreme 
agitation is manifest only during the first few days following the 
operation, and the animal may then be set free without danger ; hut 
it is still unable to stand or walk, and tumultuous movements 
come on from the slightest disturbance. After the lapse of a 
fortnight it is able to maintain its upright position. At this 
stage it resembles an animal painfully learning to stand and walk. 
In this it relies mainly on its vision, and it is only necessary to cover 
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the eyes with a hood to dispel all the fruits of this new education, , 
and cause the reappearance of all the motor disorders.” (Ferrier.) 

It is these canals which enable the individual to know in which 
direction he is being moved, even though the eyes are bandaged, and 
the feet are not allowed to touch the ground. -On being whirled 
round, such a person knows in which direction he is being moved, 
and feels that he is moving so long as the rate, of rotation varies, 
but’ when , the whirling stops he seems, especially if he opens his 
eyes, to he whirling in the opposite direction, probably owing to the 
rebound of the fluid in the canals. The forced movements just 
described in animals are due both to the absence of the normal sensa- 
tions from the canals and to delusive sensations' arising from their 
irritation, and the 'animal makes efforts to correct the movement 
which it imagines it is being subjected to. 

It has been found possible by Adrian to record from the 
vestibular nucleus impulses set up. by movement of the semi- 
circular canals. A canal appears to be stimulated by movement ■ 
in one direction only, but sometimes a resting discharge has been 
recorded which is abolished by movement in the other direction. 

The impulses which co-ordinate reflex movements of the head, 
neck and eyes are carried by the posterior longitudinal bundle which 
connects the nuclei of the cranial nerves with each other and the 
anterior horn cells of the spinal nerves. ' , 

The semicircular canals are then essentially the organs for the i; 
maintenance rof- dynamic- equilibjrium. There is some evidence that j 
the semicircular canals may take a greater part in maintaining static '! 
equilibrium than has hitherto been supposed, and in support of tins t 
it has been found photographically that in the standing position ! 
there is usually, if not always, a swaying movement of the head. ' 
(Magnus, Camis.) 


Lower Nervous Mechanisms involved in 
Co-ordinated Movements. 

It will be understood that such mechanisms are not confined to 
the spinal cord but are concerned in the activities of those parts of 
the brain-stem which control the ihuscles of the head. A fuller 
description is given by Creed, Denny-Brown, Eccles, Liddell, and 
Sherrington, 1932. 

Reciprocal Innervation of Antagonistic Muscles.-— When a 
muscle is stimulated reflexly so as to flex a joint it is evident 
that the extensor muscles must at the same time become elongated. 
This elongation is not a passive phenomenon but is an active 
relaxation of the muscle which, as we have noted on page 598, is 
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•Fig. 203. — The scratch reflex. Tracing of the flexors of left hip evoked by stimulation of the skin 
of the shoulder. The depression in ttie si^al line S indicates the commencement of the stimulation, 
and its rise the termination. While this was going on, the left foot was stimulated, and the 
depression of the signal line L indicates the duration of this stimulation ; during the stimulation 
of the foot, and for a short time afterwards, the scratch reflex is inhibited, but the scratch reflex 
returns soon afterwards. The time is registered in fifths of seconds. To be read from left to . 
right. (Sherrington.) 


The Principle of the Common Path and of Convergence. — 

When a muscle is made to contract reflexly the impulse which starts 
at the point of stimulation uses a path which can only he used by 
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similar impulses arising from a given region of the body. It is 
a private path . When, however, the impulse reaches the spinal cord 
‘it uses paths used by impulses from ’other regions, and when it 
reaches the anterior horn cells through which it is finally effective 
it is said to use the S}mal-^Gk)7nm on-^P utli from the motoneurone 
pool (p. 593). This is a public^path upon which all impulses 
intended to reach any given muscle must converge. Upon this 
path converge not only afferent impulses arising from the periphery 
but the impulses wliich arise in the higher parts of the brain 
and are concerned in voluntary activity. 

It is evident that occasions must arise in which there is 
competition, as it were, for the final common path. 

For the investigation of such a problem, the scratch reflex ”of 
the dog is one that lends itself admirably. This can best be studied 
in the '' spinal ” dog, that is in a dog in which cerebral influence is 
shut off by division of the spinal cord in the lower cervical region. 
If the skin over a large saddle-shaped area covering the shoulders 
and back is gently scratched or stimulated with a weak faradic 
current on one side, the hind leg of the same side executes scratching 
.movements, . which involve flexor muscles principally. The scratch 
reflex is a movement by which an animal presumably rids itself of 
irritating insects. 

When, however, the foot is simulated the impulses set up, if 
noxious, take precedence in the final common path and the scratch 
reflex is inhibited (fig. 203). 

The factors wliich are chiefly concerned in determining pre- 
dominance in the final common path are (1) Strength of stimulus; 
(2) Importance of the stimulus in relation to survival ; severe pain, 
for example, usually dominates. (3) Fatigue, however, reduces the 
power of dominance of a given stimulus. 

The final common path is also used by a variety of ‘reflexes, for 
in the language of the Oxford School “ there is no reason to believe 
that the crossed extensor and the stretch reflex each possess a 
private motoneurone pool ” ; that is to say, the same groups of cells 
in the anterior horn of the 'spinal cord are used by a variety of 
stimuli arising from different sources. 

Beinforccmeni. — Instances of reinforcing action may be found; 
for example' if two points of the skin of one shoulder are stimulated 
with a very feeble current, neither stimulus alone may be sufficient 
to evoke the scratch reflex, but the two together may elicit it; 
in order to attain this result the two points of skin must be 
fairly close together. Further detail is obtainable from Creed and 
others. 


I 
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The Phenomenon of Excitation. 

The problem of excitation in the central nervous system is 
similar to that of the excitation of a muscle by a nerve. We do 
not know whether it- is essentially chemical or physical. ^ , 

It is known that a central excitatory state can be built up by - 
several sub-threshold siEirQuli''which indiiddually are insufficient to 
evoke a response. Moreover, the summation may be produced 
by the stimulation of different • afferent nerves. Turther, the 
application of one effective stimulus which has a central reflex time 
of 3-6 m. sec. reduces that of a second stimulus to 6’5 m. sec. 
provided the interval between the two is not more than 5-6 m. sec. 


The Phenomenon of Inhibition. 

Peripheral Inhibition. — This we have already noted in relation 
to the effect of the vagus on the heart, the inhibition of wliich is 
now known to be produced through the mediation of a chemical 
substance, acetyl-chohne. Inhibition of the intestine by the 
splanchnic nerve is -similarly brought about by the production 
of an adrenaline-like substance. How exactly these substances act 
is, however, unknown. 

Central Inhibition. — As yet we have but fragmentary knowledge 
of this subject, but it is important not only in relation to spinal 
reflex but in relation to the higher reflexes which influence our 
social conduct. We have already discussed examples, e.g. the scratch 
reflex and reciprocal inhibition. Another is the crossed extension 
reflex (see p. 587). This may be brought about by stimulating the 
popliteal nerve of the opposite side at 48 per second when sustained 
contraction of the quadriceps occurs. Stimulation of a sensory 
nerve of the same side for even 0‘3 sec. at once causes the contraction 
to cease, as seen in fig. 192. 

This inhibition apparently takes place in the region of the 
anterior horn cells concerned and not on the sensory side of the arc, 
for cessation of the stimulus from the opposite side for a similar 
period (0'3 sec.) has no effect because of the after-discharge of the 
motor cells. 

A central inhibition of the knee-jerk can also be produced and it 
can be shown that it is much easier to inhibit the knee-jerk of a 
spinal animal than that of a decerebrate animal. 

In relation to conditioned reflexes below we shall see that | 
whatever the nature of inhibition it is an active process, while the ’■ 
action of strychnine, wliich we have noted in relation to reciprocal 
innervation, suggests that it is a chemical process. 
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s cratch refle x just described, and that of stepping. In the case of the 
ankle clonus we have seen that it is dependent on tension on the calf 
muscles being maintained. Generally, however, the phasing of 
rhythmic movements is not caused by afferent stimuli, although they 
may regulate them, for they occur if the afferent pathways are cut. 
The rhythmicity depends on ^me inherent central mechanism not 
yet understood. 


Conditioned Eeflexes. 

In this variety of reflex we have the .participation of .the 
c erebral ..co rt ex ..and apparen tly, of. consciousness in its - form^iqn, 
and it is so called because it ^depends 6n"trainin g .„6r conditip nin g 
for -its - establishment. Conditioned reflexes"~pe" not ' inborn, like 
Che~reHmres we have hitherto been considering, but have become^ 
acquired by the animal during its life-time. ■ Our knowledge dOhese 
reflexes we owe largely to Pavlov, who has placed their study on an 
experimental basis. His classic experiment is well known. He 
showed that if a bell was rung each time food was given to a hungry 
dog, eventually the dog secreted saliva when it heard the bell 
although food was not presented. The showing of the food to the 
dog constitutes the un conditioned stiTnulus, the ringing of the bell 
the conditioned stimuhis. The fact that a dog will secrete saliva 
when food' IS offered is well known, and may be looked upon as an 
inborn or unconditioned reflex; but it has now been shown that 
practically any stimulus not involving serious hurt to the animal, 
and provided it begins to act slightly before the normal activity, 
may, If it occurs simultaneously with the normal stimulus, become 
the conditioned stimulus. .Even the ce ssa tion of a sti mulus, e.g. 
of the ringing of a b ell, ^at act as . a-js.t imulu s. The sight of 
the syringe used'^or the injection of apomorphine is eventually 
sufficient to cause vomiting although no actual injection is made.j 
Failure, however, to . follow the conditioned by the unconditioned! 
stimulus leads to weakening and eventually to loss or extinction of'i 
the reflex. Even allied reflexes are affected, a fact which indicates 
that the extinction is an active .inhibEory process. A conditioned 
reflex may become established in relation to any reflex activity of 
.the animal, even to the knee-jerk, but for the sake of simplicity 
most of the work has been carried out in relation to the secretion of 
saliva. For more accurate work the duct of a sahvary gland is 
brought to the surface, so that the sahva can be easily collected 
and measured. ' 

It is evident that in the, formation of a conditioned reflex two 
processes occur, namely, an_analysis_of__the„stimulus. which- takes~ 
place in th® -cerebrum, which with the appropriate afierent nerve 
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and nerve-ending comprises the analyser, and an association jof the 
conditioned and unconditioned sti mulus . If the appropriate part of 
the cortex is removed, e.g. the temporal areas in a case in which the 
conditioned stimulus is a sound, the reflex disappears. This experi- 
ment is important, as it indicates that the reflex does not depend on 
any short-circuiting mechanism through lower centres as has been 
suggested. 

Conditioned reflexes - are- of interest as they offer a, method, of 
investigation of the analysers and the power of jthe lower animals to 
differentiate between diferent kinds and intensities of stimuli; for 
example, it has been shown that a dog can differentiate between half 
tones on the piano. It has been possible also by their study to show 
that the power of localising the side from which a sound comes" 
depends on integrity of the corpus callosum which joins the two 
cerebral hemispheres. 

Conditioned reflexes show many of the characteristics of reflexes 
generally. Thus there may be summation from the addition of two 
conditioned stimuli. There may also be spread, but in this case it is 
in the area stimulated. If there is a localised'conditioned sti m ulus 
from the skin, other near-by areas may subsequently give a similar 
response. Somewhat akin to this phenomenon is that of linicin gj in 
which it is found that if a reflex -has become established to one sound 
it is much more easy to establish a second reflex from another sound. 

Repetition plays a very important part in conditioned reflexes. 
It is not only necessary for the formation of the reflex but is 
essential for its maintenance, otherwise the reflex tends to decay. 
It is, however, readily reinforced by repetition of the proeeciure 
following up the conditioned by the unconditioned stimulus. 

Conditioned reflexes are liable to be inhibited or stopped in. 
certain circumstances. If, for example, an extraneous noise is] 
heard tliis may cause a temporary external inhibition of the 
reflex. For this reason the animal is arranged in the "special room 
indicated in the illustration and is observed indirectly through a 
system of mirrors or a periscope. If, however, the stimulus is 
harmful and affects the same region as the conditioned stimulus, the 
inhibition may be permanent. It is to be noted that the animals 
experimented upon are on the friendliest possible terms with the 
observers. 

It has been found that a considerable interval may occur between 
the conditioned and the unconditioned stimulus, provided the former 
is applied first. A dog may thus be taught to secrete saliva half an 
hour after a beU is rung {i.e. inhibition of delay). This is known as 
a _!l7-«cc_reflex. In the interval some definitely_active inhibition must 
be^resmit to prevent the stimulus from acting, since the introduction 
of an extraneous stimulus during the interval causes an immediate 
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flow. If, however, in the interval, another stiinulus is applied which 
the dog has been taught to associate with no food, it is found that 
an inhibition of the conditioned reflex has been produced, and that 
the latter cannot be elicited again for some time. This we call a 
conditioned inhibition, or if the animal has had to differentiate 
carefully between the positive and negative stimuli, differential 
inhibition. Conditioned inhibition leads to extinction of the reflex. 



Fig. 204. (From Pavlov.) 


a fact which is of considerable practical importance in relation to 
undesirable habits in children. When mustard is put on the 
fingers of a child which sucks its' fingers it obtains the reverse 
of satisfaction from putting its fingers in its mouth and ceases 
to do so. All forms of inhibition other than those caused.._by ... 
extraneous stimuli are known as internal inhibition, since they 
involve an active inhibitory process. Evidence iudicates that this 
inhibition occurs in the cerebral cortex. Further, it is foimd t 
that if an inhibitory stimulus is repeated its after-effects may be 
summated, the inhibition may involve larger areas of the cerebral 
cortex, and other conditioned reflexes may become affected. , Not f 
only so, but the inhibition may spread more generally and the iii 
animal appears to go to sleep. Pavlov suggests that such sleep is ^ 
closely related to hjS-pnotic and normal sleep, which, according to 
this view, is due to accumulatedJiAilfitiqn or the receipt of stimuli , 
which are related ,to 'cessation' of activity. The observance of time 
of night, the ceremony of preparing for bed, provide examples of 
such stimuli in man. Experimental sleep is most likely to occur 
during, differential inhibition, by repetition of thermal stimuli or 
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during the interval between the application of a conditipned and 
its associated unconditioiied. stimulus as in the trace reflex. The 
sleep produced may be very profound and during it the animal 
is remarkably irresponsive to stimulation. The inhibition may 
involve Limited areas of cortex, but an inhibition produced in one 
analyser may spread to another adjacent, and even the motor cortex 
may become involved. In man also we know that sleep may be 
similarly patchy, and that many activities, e.g. walking, hearing, even 
reasoning, may take place during sleep. 

Many attempts have been made to make .diagrams of possible 
new paths being laid down and of short-circuits formed. Such 
diagrams are more fanciful than useful since the amount of exact 
information on such subjects is negligible. It ^ seems indeed more 
probable not that new paths exist separately but that they are 
merely different from the old in that the impulses pass along them 
at too great a rate to affect consciousness. There is now evidence, 
however, that it is possible to establish conditioned reflexes in dogs 
in which the cerebrum has been removed. In these, other parts of 
the brain have become the analysers, but they can only appreciate 
comparatively crude stimuli. 

Of interest appears to be the importance of coinoidmce in 
time in the formation of conditioned reflexes. Since a nerve 
impulse is self - propagating it is reasonably possible that two 
impulses arising at the same time in different parts of the body 
may eventually meet. It may be that this hitherto little app.;eciated 
point may be of fundamental importance in relation to the formation 
of conditioned reflexes. 

Some very interesting observations in this relation ha^we been 
made on animals which appear to throw light on human beiiaviour. 
For example, when an animal has acquired a positive resp'onse to 
an object of circular form and a negative one to an ellipse i great 
irritability and restlessness are observed if an object intermediate 
in shape is used. The state produced is comparable to that of 
neurasthenia in man or the irritability produced when one is unable 
“ to make up one's mind.” 

It is evident that the learning of so-called tricks by the lower 
animals must depend on similar mechanisms. It may be that many 
"of the problems of memory do so also, for we can readily say that 
the dog ‘‘remembers” the association of the conditioned with the 
unconditioned stimulus. 

Pavlov has been able to differentiate between different kinds 
of nervous systems in regard to the ease with which excitatory and 
inhibitory states may be formed.. Some are weU balanced, others 
less so; he draws attention to similar differences which occur in 
human temperaments. 
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It is but a step from the conditioned reflexes just described to 
the phenornenon of acquiring habit s or habitual actions, such as are 
involved in learning to ride aTbi^cle or drive a motor-car. The 
movements are, in the first instance, acquired as a result of conscious 
effort, but subsequently become reflex in nature and no longer 
involve such efibrt. Until we attempt to write or use a knife and 
fork with the unaccustomed hands we scarcely realise how many of 
our actions are reflex in character. In relation to posture, for 
example, we have a large number of inborn reflexes, but in addition 
to these we may by practice acquire a vast number of others, our 
total capability in relation to postural equilibrium being a combina- 
tion of the inborn and the 'acquired. How far some of the stiU 
higher activities of the brain may be held to be a similar summation 
of inborn and acquired characteristics leads into the realm of 
psychology, which is outside our present province. 

The Role of Heredity.-;-!! is of interest to observe at this point 
that in spite of many experiments no evidence has been obtained' 
that c ondit i oned r eflexes can be inherited. In these experiments the 
remarkable discovery was made that puppies do not appear to have 
any hereditary preference for meat. That is, however, not to say 
that the influence of heredity may not be important in determining 
the ease with which certain reflexes may become established. It is 
well recognised that it is easier to train some dogs (and some 
humans) than others. 

The Biological Function of Conditioned Reflexes. 

It is easy to develop a whole philosophy on the basis of 
conditioned reflexes, and to make out a case for the greater part of 
human behaviour being dependent on the development of such 
reflexes. This has been done by Pavlov and by Watson in what is 
known as the Behavourist School of Psychology ; its views have, 
rightly, not received general acceptance although they explain more 
than at first sight seems possible. (See McDowall, 1943.) 

The importance of_ conditioned yeflexes to the, animal is that the y 
constitute the blisis of learning and give a greatly increased 
significance to sensations and in this way give the animal a greater 
ap;^eeiation "of its environment. ’ Thus it may be fOTewarned of 
danger, and the acquisition of food is also facilitated. 

In civilised communities the establishment of positive and | 
negative reflexes, makes community life possible through the medium j 
of restraints and conventions of which that of language is the most s 
important since it makes possible the conveyance of ideas- from 
one person to another. 
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STRUCTURE OF THE CEREBRUM 

The cerebrum consists of two halves, called cerebral liemi^Tieres^ 
separated by a deep longitudinal fissure and connected by a large 
band of transverse commissural fibres known as the corpiis cal losum. 
The interior of each hemisphere contains a cavity of complicated 
shape, called the lateral ventricles, which are a jcontinuation upwards 
■of the fourth and third ventricles. 

Each hemisphere is covered with grey matter (so-called because 
it is grey in colour when cut across) which passes down into the 
fissures. This surfac_e grey_matter. is ...called the cerebral cortex. 

It varies in amoimt directly with the amount of convolution of 
the surface. Under it white matter is situated; and at the' base 
there are masses of more grey matter. These masses consist of the 
thalamus and the basal ganglia, of which the most important are 
the lentiform or lenticular nucleus and the caudate nucleus, which 
together fonn the corpus striatum. 

The Convolutions of the Cerebrum. 

The surface of the brain is marked by a great number of depres- 
sions which are called fissures or sulci, and it is this folding of the 
surface that enables a very large amount of the precious grey 
matter of the cortex to be packed witliin the narrow compass of 
the cranium. In the lowest vertebrates the surface of the brain . 
is smooth, but going higher in the animal scale the fissures make 
their appearance, reaching their greatest degree of complexity in 
the higher apes and in man. This is well seen in the figure on 
p. 623. 

In an early embryonic stage of the human foetus the brain is also 
smooth, but as development progresses the sulci appear, until the 
climax is reached in the brain of the adult. 

The following figure (fig. 205), comparing the brain of one of 
the lower monkeys with that of the child shortly before birth, shows 
the close family likeness in the two cases. 

The sulci, which make their appearance first, both in the animal | 
scale and in the development of the human foetus, are the same. \ 
They remain in the adult as the deepest and best-marked sulci ; they 

f22 
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are- called and they divide the brain into 

lobes, details of which are to be found in textbooks of Anatomy. 
By far the most important of these is the fissure- of-JRolando.- or 


A B 



A. Cerebral hemisphere of adult Macacgue monkey. 

B. Cerebral hemisphere of child shortly before birth. 

The two brains are very much alike, but the growth forwards of the frontal lobes even at this early 
stage of dev^elopment of the human brain is quite well seen. S, fissure of Sylvius; R, fissure of 
Rolando. 


central, sulcus, which is seen in fig. 206. The remaining sulci, called 
the secsmdiCii'^—fissures or sulci, further subdivide each lobe into 
convqlutions~OY gyri. - - 



Fig. 206. — Right cerebral hemisphere, outer surface. 


The White Matter , of the Cerebrum. 

The white matter of the cerebrum, like white matter elsewhere, is 
made up of medullated Jierve-:fibres._ According to the direction of 
the fibres,' tliey^may be divided into three principal groups (see figs. 
207 and 208) 

1. Association fibres , — These pass from convolution to convolution. 

2. Commissural fibres , — These ^pass by the commissures of the 
brain, of which the most important is thej3 ^rpus callosum, sp_^as Aq 
li nk the_ convolutions of one hemisphere with the corresponding 
convolutions . in_ the ..opposite hemisphere, where they terminate in 
arborisations (synapses) round the cells of the grey cortex. 




Fio. 20S.— Diagram of the projection fibres within the brain (Starr). A, tract from the frontal gyri to 
the pons nuclei and so. to the cerebellum ; B, motor pyramidal tract; C, sensory tract for touch; 
D, visual tract or visual radiation; E, auditory tract or auditory radiation-; F, G, H, superior, 
middle, and inferior cerebellar peduncles ; J, fibres between the auditory nucleus and the inferior 
corpus quadrigeminum; K, motor decussation in the bulb; F, V, fourth ventricle. The numerals 
refer to the cerebral nerv'es. The sensory radiations are seen to be massed towards the occipital 
end of the hemisphere. 
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3. Brojection fibres. — Tliese_are the. fibres which run more or 
less.wei-tieally-_and-link— th&^cerehfumrto i:he'l6werZporto of the 

central-nervous. system. They may be divided into the efferent and 
afferent systems which are composed of fibres which convey impulses . 
from and to the cortex respectively. These can best be studied from 
figs. '207 and 208.' ■' ■ 

Histological Structure of the Cerebral Cortex. 

The cortex may be divided into six .•p rimary-layers (fig. 209). 
These are based on the staining of cells (see Economo) : — 

1. The outer fibre layer. — This is composed of fibres derived 
from the .dehdrons . of the ceUs of the next layer , and many are 
afferent fibres from the white matter. The few nerve-cells inter- 
mingled witlr~these are fusiform and branched, _ and have several 
processes which lie horizontally beneath the surface. Neuroglia cells 
are also present. 

2. External granular layer. — This consists of large numbers, of 
small cells of ‘a~variety of shapes closely packed. 

3. P yram i dal cell layer. — This consists of med ium-size d p yramidal - 
cells, theTarge cells being the deepest. Branched dendrons run to 
the" surface and laterally. The lateral processes are also branched 
dendrons. The axon_priginates.Jrom-the-base.. 7This layer of srnall • 
pyramids increases in depth as we ascend the animal scale ; thus it 
is poorly developed in Insectivora, and shows an increasing degree 
of development in Eodentia, Ungulata and Carnivora. The maximum 
thickness is reached in man. Embryplogically, this is the latest 
layer to develop, reaching its zenith after birth. The cells of 
this layer are believed to be _associatioir“ units subserving the 
higher mental processes. It is greatly developed in the fron tal . 
and 'parietal ' regions where the highest associations are believed 
to occur. 

4. The internal granular jor ..star-pyramidal layer . — This is. like 
the external granular layer but is richer in fibres. This layer is a 
distinguishing„mark,_of sensory areas, and is practically absent in 
the pre-Eolandic or motor convolutions. It is well marked in the 
part of the occipital cortex, concerned with sight. 

5. The gangliohic~df large pyramidal layer. — In certain regions 

of the cortex this contains the giant pyramids or Betz cells, which 
are characteristic of the motor areas.. . , Beneath is a dense network 
of fibres. In the visual cortex there are a few_ giant stellate 
cells here. ' • 

6. Tlui inmost or fusiform Jayer. — Here are many small, scat tere d 
ceUs, many of a fusiform shape, with axons running vertically 
towards the surface. In the island of Eeil this ' layer is hyper- 
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trophied, and is separated from the rest of the grey matter by 
a stratum of white fibres; it is known then as the . daus tmjn. 
It is the first_ Iayer to appear and is almost fully developed at 

birth. .... 

If, instead of the cells, the fibres are stained, e.g. by Weigert’s 
method, certain lines appear as indicated in fig. 209. Sometimes 



Fio 209. — Diagram of the layers of the human cerebral cortex. On the left, I — VI are the cell- 
layers ; oi» the right, 1 — 6, are the fibre layers as they appear in specimens stained by means of 
the Wcigert-Pal method. Layers 4 and 6 (b) are respectively the external and internal lines of 
Baillarger. (Economo.) 

as in the occipital cortex a white line may be seen with the naked 
eye (Gennari), like a white thread in the grey matter. 

Detailed examination shows that the line may be divided 
into light and dark bands (Baillarger) which vary very much in 
different parts of the cortex. In such sections groups of vertical 
fibres running out to the second layer are also seen. 


i 

I 
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The ftinctions of the cell layers. — It is important to note 
that the cells of the cortex are arranged .in vertical chains and 
that each layer is attached to those without and within it. It . 
seems most probable that eventually various patterns of cell and 
fibre network will eventually be made out and related to the 
activity of each part. Also it has been seen, that certain layers 
are specially developed in certain regions. This and their order 
of development in certain animals and in mental defectives has 
led to conclusions regarding the function of the layers. 

The_inner Jaynrjnay:.be u’egardecLas -theJunda mental cell lay er, the 
others being formed from it from“witlnh outwards, in both embryonic 
and historical development. 

Thc-inner ceU layers are probably concerned with the perforraance 
of or ganic- and instinctive activities, and there is but little difference 
seen here between man, monkey, and dog. The middle pyramidal.!: 
layers are considered to be concerned with the reception and trans-!} 
formation of afferent impulses. The out er.J.ayers, mn the other u 
hand, are concerned with the int elle ctual or . asspciational functions. 1 
Defect of development of the outer layers leads to various forms 
,'of amenti a (inborn lack of mental development, or idiocy); in 
dementia (degenerative niental change coming on later in life) there 
are retrograde changes in the uppey layers of cells. _ , . 

In the hippocampal. region the cortex is simpler in structure 
than elsewhere. It consists essentially of three layers only:— 
(1) Molecular layer ; (2) external pyramidal layer ; (3) inmost or 
fusiform layer. Of these 1 and 2 are unusually thick. Tins part of 
the cortex is concerned with the sense of. smell, which is a primitive 
sense, and is therefore subserved by a primitive type of cortex . 
representing the archipallium or primitive brain. 


Embryology of the Cerebrum in relation to Function. 

Flechsig’s embryological method has given us valuable knowledge of the 
structure and functions of the human brain. The method depends on the fact that 
various tracts of fibres become myelinated, acquire their medullary sheath at 
successive periods of time in development. Th e myelin sh eath appear s.three or four 
months after Uie axis cylinder is, formed. llie^WeTger tlnetho d of staining renders^ 
*^tlife''detection "of “a medullary sheath an easy task. Flechsig’s method is in short the 
complement of the Wallerian method. In the former method the tracts are isolated 
by dilFerences in the time of development of the myelin sheath ; in the latter method, 
the same object is obtained by observing the degeneration which is most noticeable 
in the same sheath. 

In the central nervous system the afferent pjojecyqn_^res_a^^^^ naye linated fi rsts 
the efferent projection fibres and thd^^associffion^fibres are myeliiiafed later. Thus 
in the human foetus the peripheral nerves and nerve-roots becorae“myHinated in the 
fifth month of intra-uterine life ; of the tracts in the cord, those of Burdach and Goll 
{exogenous fibres springing from the cells of the spinal ganglia) are the first to be_ 
i^yelinated; next come the tracts of Flechsig (dorsal cerebellar) and of Gowers 
(ventral cerebellar) : these are endogenous fibres springing from cells within the cord. 
All these tracts are afferent. tr acts, the great eff erent or^motor 
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channels, are not jnyelinatedjxntii after. bi]rth. The whole afferent tract is myelinated 
at^bifthT these fibres are in utero exercised in conveying impressions to the 
afferent reception centres, the stimuli arising from contact of the foetal integuments 
\vith the maternal tissues. There is also early myelination round the calcarine 
fissure in the visual sphere, and in connection with the areas related to other special 
senses ; this is shown in fig. 210. 

Ambronn and Held confirmed Flechsig in finding that the afferent fibres are 
myelinated before the efferent, in the central nervous system, but in the 
nerve-roots this is reversed, the anterior root-fibres being myelinated before the 
posterior. 

Held also demonstrated the important influence of stimulus on myelination. 
His experiments were made on cats, dogs, and rabbits, which are bom blind. If 
light is admitted to one eye by opening the lid, more obvious myelination is subse- 
quently found in the corresponding optic nerve than in that of the opposite side. 



Fiq. 210.— Diagram of vertical section of the train of a child 5 months of age. The greater part of the 
white matter now shows myelination, thus indicating development of the association centres. 
(After Flechsig ; Weigert method of staining.) 

This is not due to the irritation caused by forcibly opening the lid, for if the lid is 
opened and the animal kept in the dark, no difference in the myelination of the two 
optic nerves is observable. Flechsig also showed that a child bom at eight months 
had more marked myelination of its optic nerves, a month later, than a child born 
in the usual way at the ninth month. 

The richness of the brain in myelinated fibres increases for many years after 
birth with the progress of intellectual development. Kaes states this continues 
up to forty vears of age, and that in old age the number diminishes. Mvc lin. 
appears to be nece^ary.jfor,, the.- functional activity _of_nerve._tracts, and its 
det^opment progresses pari passu with development of Unction; the reverse 
change (atrophy and degeneration) correspondingly accompanies marked disturb- 
ances of function. 


PZechsie’s Myelogenetic Cortical Flelds.\ 

In the cerebral convolutions the fibres become myelinated in a strictly 
regular sequence; some convolutions have their fibres meduilated three months 
before birth, while in others complete myelination has not occurred six months later. 
Fibres of egually^great importance become meduilated at the same time ; those of 
‘primary Impoiriahce 'first, and this 'way, cortical fields^'caff be ‘mappecl 

out, thirty-six in number.' ' Flechsig divided them chronologically into three groups, 
primary, intermediate, and terminal. The primary fields, the seats of sensory 
representation, are most darkly shaded in figs. 211 and 212. These are also 
connected with outgoing tracts. The terminal - areas (unshaded) are not 
myelinated until at leasta month after birth. These and the majority of 
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the intermediate areas show few or no projection fibres even eight months after 
birth. They comprise, in fact, the association centres, and are rich in long 
association fibres. Subsequent work by Brodmann on a cytohistological basis has 
indicated that there may be as many as 160 different areas. 



Fio. 211.— Outer surface of human brain, showing Flechsig’s developmental zoneS ; primary (1— 10 
darkly shaded ; Intermediate (11 — 81), less deeply shaded ; terminal (32 — 86), not shaded. (Flechsig.) 



Fia. 213. — Inner surface of same. (Flechsig.) 


PUNCTIONS OP THE CEREBRUM 


The cerebrum is the seat of those psychical or^ mental processes 
wliich are called yp]ition-an(Lieeling-; '^litioh_rs the starting-point 
iu._motor...activity-; ' feeling-..or,,consciousHess is, the, final,, phase of 
sensory impressions ; the _correlation ,of ...sensations .with one ..another, 
and with yolitipnal impulses so generated, constitutes thought. That 
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the brain is the organ (or anatomical correlate) of mind is to-day 
a matter of such common knowledge that it is almost superfluous 
to mention it in a physiological text-book. Tet its functions were 
entirely unknown or only dimly conjectured by ancient philosophers, 
and the overwhelming importance of the grey matter on its surface 
in mental phenomena is a discovery of comparatively recent date. 

The functions of any organ may be discovered by a variety of 
procedures, each of which has been applied to the cerebrum as a 
whole and to its parts. 

(1) The relative development of the organ according to position 
in the animal scale (p. 625). 

(2) The histological structure. A study of the cell layers 
suggests the relative importance of the various parts of, the brain. 
These have already been discussed (p. 617). 

(3) Extirpation or removal of the whole or part of the organ. 

(4) Stimulation of the cortex in various ways may cause move- 
ments and stimulation of sense organs and may set up action 
potentials in the cortex. 

(5) Diseases of the organ may be studied. In the case of the. 
cerebrum these correspond either to extirpation or to stimulation. 

(6) The establishment of conditioned reflexes (see p. 627) 
prior to localised removal. (Fulton, Hines, Economo );- 

Effects of Complete Removal of the Cerebrum. 

The brainless frog which we have studied in relation to the 
functions of the spinal cord is also a useful object-lesson to teach 
us the uses of the part removed; by observing in^ what manner 
the animal differs from one which has its brain intact. If, instead 
of taking a frog, we take an animal lower in the scale, where the 
brain is not so fully developed, the effect of remo^dng that organ 
will be less marked; whereas if we remove the brain in a more 
highly developed animal, the simultaneous removal of the brain 
functions will be naturally more noticeable. We have already 
seen that the development of the cerebral hemispheres increases in 
importance as we rise in the„animal scale. . 

If the cerebral hemispheres are removed in a teleostean or bony 
fish (and in such animals there is only a rudimentary cortex), the 
animal is to all intents and purposes unaffected ; it can distinguish 
between a worm and a piece of string, and will rise to red wafers in 
preference to those of another colour. The operation does not 
damage the primary centres of ^dsion (the optic lobes, which corre- 
spond to the corpora quadrigemina of the mammal), and in these 
fishes the eye is the most important sense-organ. 
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A shark, however^ subjected to the same operation, is reduced to 
a condition of complete quiescence; tliis is due to the circumstance" 
that in this fish the principal sense-organ is that of smell, and sever- 
ance of both olfactory tracts produces the same result as removal 
of the entire cerebrum. In either case the path between the 
olfactory bulbs and the centres that control the cord are interrupted. 

In the frog we find that removal of the hemispheres only- does 
not entirely abolish its apparent spontaneity; it still continues to 
feed itself, for instance, by catching passing insects. It is not until 
the thalami are removed also that it becomes a purely reflex animal. 
If the brain and the anterior end of the - bulb are removed the lower 



Fig. 213. — Pigeon after removal of the hemisplieres. (Dalton.) 


centres of the cord are set free, and the result is incessant movement 
provoked by slight stimuli. 

A bird from which the cerebrum has been removed remains 
perfectly motionless, sleepy, and unconscious (see fig. 213) unless 
it is disturbed. "V^en disturbed in any way it will move; for 
instance, when thrown into the air it will fly. But these movements 
are, as in the frog, purely reflex in character ; when the animal is 
made to fly its movements are directed by visual stimuli, the visual 
apparatus being still intact, and it will select a perch to settle on in 
preference to the floor. It will start at a noise; it will not eat'” 
voluntarily ; it exhibits no emotions such as fear, sexual feeling, or j. 
maternal instincts. 

In mammals the operation of extirpation of the brain is attended 
by such severe hEemorrhage that the animals die very rapidly, 
but in some few cases where they have been kept alive, the 
phenomena they exhibit are similar to those shown by a frog or 
pigeon. The difficulty ' of the operation was overcome in dogs by 
Goltz of Strasbourg, who removed the cerebrum piecemeal. One dog 
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which are the ' starting-points of those volitional , impulses which 
give rise to movements ; and other areas primarily concerned in the 
reception of sensory impulses ; these are termed sensory areas. These 
various areas have been mapped out by ■means' bf experiments' on 
anima,ls, and by the observation of disease in man. . 

Tt must, however, be understood' that the idea of those centres 
is merely a convenient convention. The areas or centres are , hut 
recognisable points in a very complicated system of reactions. Th e\ . 
brain rea lly acts as a whole. Let us take ah example, and imagine' 
the Smell of "an orange"; such an abstract idea of an isolated 
sensation is impossible; we cannot think of the smell of, the 
orange apart from' the other characteristics of the fruit, the smell 
recalls the taste, the shape, the colour, the act of peehng it, fingering 
it, cutting it, eating it, and so forth. One sensation due to the 
activity of one area, such as the- olfactory area, calls into play 
the activity of other sensory areas, and of the motor areas, and of the 
links between the sensory and motor areas. The brain is ..acting as „ , 
a whole because its various parts are called into play simnl- !• 
taneously, though the whole brain is not concerned in each .of the j 
component sensations and vohtions associated with any particular ' 
mental state. 

Moreover, the doctrine of cerebral' localisation is not accurately 
expressed by the statement that a cortical centre is one, the stimula- 
tion of which produces a definite response, and the extirpation of - 
which abolishes the response. We shall, for instance, see below 
that the stimulation of certain areas in the dog’s brain produces 
certain movements, but Goltz showed that in his dogs the' removal ’ 
of an entire hemisphere did, not cause permanent paralysis of the 
opposite side of the body, nor does it dq,so in children. 

In the central nervous system there are few or no places 
where only one set of nerve units is situated, with fibres passing 
to or from them. Every locality has several connections with 
other parts, and also fibres passing through it which connect together 
the parts on all sides of it. Hence in extirpating even a hmited 
area, numerous pathways are interrupted, and the damage is con- “ 
sequently widespread. Much of the disturbance produced at first 
gradually passes away, and the temporary effects must be distinguished 
from those which are permanent ; the permanent effects have the 
greater significance of the two. Moreover, it is clear that the relative 
and absolute value of any locality in the central nervous system 
depends largely on the degree to which centralisation has progressed, 
and on the amoimt of connection between the various areas. The 
closer the connection, the more numerous and intricate the path- 
ways, the greater, will be the permanent effects of an extirpation, 
and the recovery of function the . more remote. The lower the 
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animal in the zoological series, or the less the age of the animal, .the 
more imperfectly developed will be the'cohhecting' strands, and so 
the possibility of other parts taking up to some extent the functions 
of those that are removed will be increased. 

Modern researches have brought out the overwhelming import- 
ance of the cortex; it contains the highest cerebral centres. 

The Motor Area. — The first work was carried out' by Eritsch 
and Hitzig on dogs. They found that the motor area was situated 
in the neighbourhood of the crucial sulcus, which probably corresponds 
to the fissure of Eolando in man. 

The most important experiments on this subject were those of 
Sherrington and Leyton, who made a number of experiments on 
monkeys, and the human brain so far as it has been examined has 
given similar results. 

The elucidation of this area has been most successfully carried 
out by stimulation by the method of Sherrington. The brain 
in an anaesthetised animal is* exposed and stimhlated with a weak 
faradic current, one electrode being placed on the brain, and the 
other attached to an indifferent part of the animal’s body. This 
allows of finer localisation than is possible with the ordinary double- 
point electrodes. 

By such means it has been found that stimulation of the part 
of the ascending frontal convolution, which lies immediately in 
front of the fissure of Eolando (central sulcus), causes movement of 
the opposite side of the body. Small groups of muscles'inay be 
caused to contract and from no other region can such movements be 
■ so easily elicited 

This motor area ( area 4) has now been shown to be much narrower 
than origmallyThscribed as it extends into the fissure. Older 
descriptions included the premotor area 6a (see fig. 214). 

The proof that the properties of the motor area depend, on its 
jtyj.’a midal cells is based on three pieces of evidence. Stimulation 
oT'the^r^Ts'lneffeetive before the cells have developed in infant 
Macacus monkeys, after it has been coagulated by heat (Barenne) 
or after section of the pyramidal tracts (Marshall and Towers.) | 
As we shall see later, these pyramidal tracts are the main' 
_ pathways by which the impulses responsible for voluntary move- 
* ment travel. j 

It cannot fail to strike even a superficial observer how large 
the cortical area is which deals with movements of the head and am 
regions when compared with that of the lower hmb, an3~sEifi* more 
with that of the trunk. The trunk itself has a larger mass of 
muscular tissue, but it is in the head region (which includes the 
complex movements of the tjongue and such structures as the vocal 
cords) and in the arm and hand that the movements are most varied 
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and most delicate. ITo doubt this is the explanation oh the greater 
size of their cortical representation. 

. The excitability of this region depends on the integrity of the 
underlying pyramidal cells and disappears if they are destroyed. 
Cyclic spontaneous fluctuations of excitability occur and are reduced 
after stimulation. It is extremely sensitive to acid-base changes.| 
Increased acidity causes the excitability and alkalinity the cyclic- 
changes to disappear. ' • ’ 



Fio. 214.— Brain of man. Left liemispliefe viewed from side and above so as to obtain the con- 
figuration of the Koiaiidic area. The figure involves some foreshortening about both ends of 
the sulcus centralis or fissure of Kolando. The extent of the so-called motor area on the free 
surface of the hemisphere is indicated by black stippling %Yhich extends back to the central sulcus. 
Much of the “motor” area is 'hidden in sulci; for instance^ it extends into the central sulcus. 
(After Brodmann and Vogt.) 

Premotor Area. — Close to the motor area proper are -dess 
excita ble „areas. .stimulation of -which gives, less discrete movements 
(areas 3 and 6), hut these movements are abolished by removal of 
the motor area. This area is less excitable, requiring a rate of 
4 per second compared -with 7 to 20 for area 4. The area has no 
Betz cells (Tulton).- 

There is great variability in the excitability of this part of the 
cortex from time to time and the muscles which contract may be 
varied by stimulation of the sensory part of the cortex, and it has 
been found that as one set of muscles contracts there is reciprocal 
relaxation of another (see Eeciprocal Innervation). 
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If the stimulation used is too powerful the movement spr^ds to 
other parts, and a considerable portion of the body may be thrown 
into con'voilsive movements similar to those seen in epilepsy. 

Other Motor Areas. — In addition to the movement of limbs 
and trunk, it is possible from the regions indicated 'in fig. 214, to 
obtain conjugate movements of the eyes with constriction of the 
pupil, movements of the larynx and of the muscles of respiration. 
A motor area for the eyes is also present in the inner aspect of 
the occipital lobes. 

Extirpation or removal of the motor area produces paralysis of 
the same groups of muscles as are thrown into action by stimidation. 
It also leads to degeneration of the whole pyramidal tract which 
arises from this region. 

In monkeys there is some recovery especially of proximal joint 
movement, but the finer patterns of response are not regained. 
A similar recovery may occur iru man, but practically none in the 
hand. Alm ost complete recovery has been described after complete 
loss of the motor area in children. 

The reflexes are depressed but later become exaggerated. A 
flaccidity of muscles generally persists. In this latter point ablation 
difiers from pyramidal tract lesions, in which characteristic rigidities 
appear. Extirpation of the frontal lobe does not, however, afiect the 
conjugate movements of the eyes in man, 

Eemoval of the motor cortex causes no sensory loss , but there 
may be vasomotor changes and shivering. 

The study of injury or disease indicates that the effect of either 
removal or stimulation may be produced. An example of the former 
is seen in the effect of a haemorrhage on the surface of the brain 
such as occurs sometimes at birth. It results in a degeneration of 
that part of the pyramidal tract which is composed of fibres from the 
portion of the cortex injured, and a corresponding region, commonly 
a limb on the opposite side of the body, is paralysed (see also 
Voluntary Movement). - ' ~ 

On the other hand, a tumour or a spicule of bone after an 
injury may irritate the motor area and set up movements of one 
particular part of the body (Jacksonian cjyilejys^)^ which may spread 
and cause general convulsive seiiufes: Th^cause of irritation is 
often removed surgically, and if the surgeon is in doubt as to the 
exact region irritated, he may stimulate the suspected part to find 
if it produces the same movements. ITo more striking proof of the 
value of purely scientific animal experiment exists than the cure 
in an individual of Jacksonian epilepsy, and such brain surgery 
emphasises the necessity for knowing the surface marking of- the 
various areas. 

Some parts which normally move together are innervated from 
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both sides of the brain, e.g. 'the-'Uppet.part.-.of— the -face, and are 
not entirely- paralysed by unilateral lesions. 

Removal of the premotor area (6a) leads to characteristic disturb- 
ance- of posture including an exaggeration of the grasp reflex of 
.r the fore-limb. There is only a disturbance of skilled moyements. 
I The spasticity affects particularly the antigravity muscles due to 
release of the extrapyramidal system (Fulton). It is believed that 
‘ from this region th e extra-pyramidal system begins and that impulses 
pass from it to the basal gan^ia (Fulton). 

The Motor Areas and the Autonomic System. — large 
number of changes such as vasoconstriction, vasodilatation, cardiac 
acceleration and slo-wing, and gastro-intestinal changes can be 
produced by stimulation of areas 4 and 6 (Fulton). 

The Sensory Areas. 

The Sensory Areas. — ^The methods used in the study of the 
sensory cortex have necessarily been less direct than dn the case 
of the motor cortex but in general have been similar. In many 
cases careful anatomical dissection has pointed the -way. The study 
of this subject -was initiated by Ferrier at King’s College, London. 

Stimulation. — In animals, it is difficult to say -vehen a sensation 
is experienced, but this may be assumed from the indirect evidence 
in the form of reflex movements which usually accompany sensation ; 
thus on stimulating -the auditory area there is a pricking up of the 
ears ; on stimulating -'the ' visual are a t here .is, a. burning of the head 
and. eyes in the direction of the supposed ..visual impulse. 'That such 
movements are reflex and not direct is sho-wn by the long period of 
delay intervening between the stimulation and the movement. Some 
experiments have, however, been made on man (see below). 

Barenne has found that chemical stimulation of a sensory area, 
by strychnine may cause symptoms of local pain, e.g. a limp on the 
part of the animal or hyperesthesia of the part concerned. 

Extirpation of a sensory area leads . .to loss of the sensation 
subserved. Since a study of sensation in animals is so difficult 
the majority of the observations have to be made on man 
after injury or disease. .,In_Jacksonian epilepsy, due, to localised 
irritation of the cortex, e.g. by a spicule of bone after a cranial 
injury, the .con-^lulsions may, be preceded by a sensory aura, .. or 
indefinite sensation corresponding to the.region hritated. 

Extirpation has also been used in combination with ^or^tioned 
reflexes on trained animals. The animals lose those responses -wliieh 
depend on the areas removed." 

The action potentials of the various regions of the cortex 
in response to peripheral stimulation have also been used to trace 
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sensory region is a large association area wherein we b.elieve ideas 
regarding rnultiple sensations are ..associated. If this region is 
^destroyed tlie~palieht loses the power of .recognisuig, o'bjeets..by 
•I touch (as^terepgn osis). 

Visual ii’ea 18 . — The lower the animal in the. series, the... 
more readily can its actions be controlled by sensory impulses which 
ha?ve not passed through the" cerebral cortex. A decerebrated bony 
fish can distinguish colours, a frog can catch flies, even a pigeon will 
select its perch, though it takes no notice of food or of people who try 
to frighten it. A dog similarly operated on is practically blind, 
though it win blink at a bright flash of light' In the lower 
animals the impulses pass in to the primary visual centre in the 
optic lobes which acts as the centre for the reflex ; as we ascend the 
animal .scale, the path via the cortex becomes more permeable, of 
greater value, or even indispensable, and the reflexes through, the 
lower centres are of less importance ; not only so, but there are sub- 
divisions of the visual cortical area, which correspond to different 
regions of the retinae. 

We may in fact speak of the visuo-sensory fleld in the cortex as 
the cortical re tina upon which the impulses from the actual retina 
in the eye are projected, in a manner analogous to the way in wliich 
the field of .vision is projected upon the actual retina. 

In the fishes which have no cerebral cortex, the optic lobes, 
analogous to the _0._ quadrigemina, are the centres for vision. In 
some fishes, a small number of the fibres of the optic nerves pass into 
the geniculate body, which forms a cell-station on the road to the 
posterior region of the cerebrum, where a primitive cortex begins to 
appear. On ascending the animal scale, this group of fibres becomes 
more and more abundant, and this part of the cortex becomes 
more elaborate in structure. ^When we reach the monkeys, this 
part of the brain is cut off from the rest by the parieto-occipital 
fissure to form a distinct occipital lobe. This fissure is called the 
ape's s plit. In the lower monkeys this lobe is quite smooth, 
but as the great parietal association centres get- larger with 
increase of intelligence, the visuo-sensory area is pushed back, and 
the lobe thrown into folds. In the highest apes, and in the lower 
races of-, mankind, a good deal of the visuo-sensory sphere is still 
seen on the external cerebral surface; but in the higher races, 
most is pushed round on to the jnesial surface. 

Some animals have fanoramic a nd others stereoscopic vision.* 

I The former (mainly vegetable feeders) have eye^ set" laterally ; eachx 
eye receives a different picture, and the decussation of the optic 
nerves is complete; each eye sends impulses to the opposite hemi-’' 

* According to Elliot Smith the developnient of stereoscopic vision has been 
an important cause of the advancement of the higher mammals. 
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sphere. Anim als jwith stereoscopic vision have the eyes, as in man, 
in front, and “the optic axes can be converged so that ‘an object is 
focused vrith both eyes. This becomes necessary in carnivora, which 
have to catch mo^'ing prey ; the more Qomplex the movements of the 
fore-limbs, the greater becomes the necessity for fixation of the eyes 
to guide them. In such animals each visual area corresponds to 
the same half of both retina, that is, to the opposite half of the 
visual field; the lower half of each area corresponds to the upper 
half of each half field of vision, and vice versa. The appearance of 
the macula lutea in the primates is the culminating point in visual 
development among the mammals (Holmes and Lister). Macular 
representation is, however, bilateral and at the tip of the occipital 
lobe. 

A man or animal which loses both eyes is blind, but in 
time manages to find its way about. This is not the case 
when blindness is produced by removal or disease of hc^th occipital ", 
lobes ; here, the sense of orientation is lost also, for the j 
association of sensory memories and motor impulses is. then ! 
impossible. i- 

Eemoval of one occipital lobe will be followed by different' 
results in the two classes of animals just referred to. In those 
with panoramic vision, the result _ will be blindness of the opposite 
eye, because the decussation of the optic nerve is complete at the 
chiasma. But in animals such as monkeys with stereoscopic vision 
(in which the only decussating fibres are those which come from the 
inner halves of the two rethne) removal of one occipital lobe, or 
disease of that lobe in man, produces blindness of the same side of 
each retina, or inability to see the opposite half of the visual field. 
This is called hemianapsia.: the head and eyes are turned to one 
side, namely, the side of injury {conj ugate deviat ionJ> 0 !Jh. Q side of the 
injury). Such an operation does not destroy vision in the central 
portion {macula lutea) of either retina, because each macula sends 
impulses to both sides of the brain. Stimulation of one visual area 
leads to a -subjective sensation apparently coming from the same 
halves of both retinae, and also excites the solitary cells, of Meynerb;. 
this produces conjugate deviation of towards the - 

opposite side to that stimulated. - . 

These solitary ceils are so called because they are few and far 
between ; they are large cells not at all imlike the Betz cells of the 
motor cortex. Their axons, no doubt, pass in long association tracts 
to the motor eye centre of the frontal region and to the corpora 
quadrigemina. 

The optic radiations consist of (1) sensory fibres from the optic 
tracts via the external geniculate bodies and in the lower animals 
via the pulvinar of the thalamus ; (2) efferent fibres to the centres 
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for eye-movements ; and (3) association , fibres, which are last 
developed. The last-named link one convolution to others, and the 
two hemispheres together, and bring about association of ‘ideas of 
vision in both hemispheres, and with other sensations. A large 
collection of such fibres runs horizontally through the grey matter. 
This white stripe is often visible to the naked eye; it is .the 
anatomical mark of the visuorsensory cortex, and is called the line of 
Gennari. The visu or,psychic region which adjoins the visuo-sensory 
area has no line of Gennari, but possesses many small and medium- 
sized pyramidal cells in its outer layers, which play the part of 
association units, where memory pictures are stored and visual 
sensations correlated with those from other sense-organs ; the 
higher one ascends the animal scale, the greater becomes the depth 
of tills layer. (See also Vision.) 

The Auditory Area 22. — It has now been shown that the upp er 
^.mp.or^..cp.nyplution is concerned with the perception of hearing 
though it is by no means easy to ascertain whether or not an animal 
is deaf, but Pavlov’s method of ' producing conditioned reflexes has 
now furnished a test. It is doubtless surrounded, as are the visuo- 
sensory area and other sense, areas, by a .psychic_j)r_asso.ciation 
sphere, and is connected to surrounding parts, and especially to 
the visual area, by a nn ectent gyi’i. Much of the auditory area is 
situated in the depth of the posterior limb of the Sylvian fissure 
where the gyri transversales which cross it are found. Desfa’uction f 
of both temporal-lobes._does„not cause complete deafness but the / 
disturbance. , of. ..hearing -is -Considera.ble and affects .both .acuity , and 1 
auditory localisation. Abnormal sounds may be heard, e.g. buzzing. I 

In lesions of the left side in right-handed persons there are 
commonly disturbances, also of s peech, especially of the appreciation 
of speech, such as recognition of the nanies of objects. Sometimes 
auditory manifestation may usher in an epileptic fit or a "dreamy 
state ” (Hughlings Jackson). In abscess of the temporal lobe there 
may be loss of vision from injury to the optic radiation. • Stimulation 
of the auditory area , in conscious subjects arouses sensations of 
buzzing, roaring and giddiness. (See also Hearing.) 

Taste and Smell are closdy connected ; their cerebral area is the 
uncinate an d hipnocamn al gyrusT^ d the ti p of- the te mnoral lobe . 
These parts are fela?EIvely’more'inlp6rtant in animhlF^'mir rely upon 
smell and the oral sense for their guidance. This part of the cortex 
is of. simpler structure than the rest, and on account of its early 
appearance in the animal scale is known as the archipaUiu ,m or' 
primitive brain. 

The' Silent Areas. — On referring once more to the maps of 
the brain, it will be seen that there are many ■ blanks ; one of 
these is in the anterior part of the frontal region. Extirpation 

. _ , ^ 
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I or stimulation of this part of the brain in animals produces but 
I little result. The large size of this portion of the brain is vet}" 
distinctive of the human brain, and it has therefore been supposed 
that here is the seaj}_(^JheJWgher inM^ feculties. Such a 
question is obviously very difficult to answef~Tiy~^ekperiments 
on animals. A study of the symptoms of tumour of the frontal 
lohe indicates that this part of the brain plays a considerable part 
in the intellectual^functions. There are commonly described, as a 
result bf~lBuch^tuinours, loss of mental acuity, stupid mistakes, loss 
of memory and of the power to supervise; frequently, however, 
the patient is certified insane, before the tumour is diagnosed. 
The celebrated American crowbar accident is frequently quoted in 
this relation; owing to the premature explosion of a charge of 
dynamite in one of the American mines a crowbar was sent 
through the frontal region of the foreman’s head, remo^ung 
the anterior part of his brain. Although fit physically when he 
returned to work, he was practically useless mentally, having lost 
just those higher functions which are so important in the super- 
intendence of other people. It has been found also in monkeys 
that although removal of this part of the brain did not interfere 
with the recently acquired responses to simple stimuli it did 
interfere with- responses which required any material memory on 
the part of the animal. Fulton describes the occurrence of a ^‘rather 
; fatuous equanimity of spirit” which one encounters in a good-natured 
I drunkard but never in a normal chimpanzee. These changes, 

^ kowever, occur in monkeys only after bilateral extirpation. In man 
the sense of well-being which may result from the removal of a 
tumour of the frontal lobe or of merely cutting the thalamo-frontal 
fibres is recognised ' as charactenstic, and the latter operation is 
practised for the treatment of severe mental' depression. There is, 
riowever, some tendency for the occurrence in adults of a somewhat 
juvenil e me ntality. Mott’s observations on lunatics show that this 
region is important for intellectual operations, though not so important 
as the parietal association area behind the Eolandic area; the 

( greater the intellectual development, the larger and more convoluted 
does this parietal region become. 

The association fibres have- been the subject of special study 
by Flechsig, who has shown that in the development of the 
brain these are the last to become myelinated; white fibres 
do not become fully functional until they receive their medullary 
• sheath. This coincides with the well-known fact 'that association 
of ideas is the last phase in the psychical development of the 
child. It has been shown that the frontal convolutions are 
connected by important association tracts with the more posterior 
regions of the brain (see fig. 207, p. 624), and there is therefore 
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no difficulty in understanding that the frontal convolutions play 
the part of a centre for the association of ideas or, in other words, 
for intellectual operations. 

There is some evidence that in right-handed persons the left 
frontal lobe is more essential for consciousness than the right, since 
ligature of the arterial supply of the tatter has a much greater 
e&ct on apparent consciousness than ligature of the right side. 
(Fulton, Hines.) 



CHAPTER XLVII 


SENSOKY NERVE-ENDIKGS i 


Although different types are described, dt must be understood that 
many intermediate forms occur. < 

Pacinian Corpuscles. — These are named after their discoverer 
Pacini. They are little oval bodies, _situat^_pn some^ of the cerebro- 
s^naT and sympathetic nerves, especially the cutaneous* nerves of 

' * the hands and feet, where they lie deeply 

pTaneddn' the true' skm. They occur on the 
nerves of the mesentery of some animals 
such as the cat. They have been observed 
also in the pancreas, lymphatic glands, and 
thyroid glands, as well as in the penis. 
They also are present in the^ascia of muscle, 
etc., where they probably originate the 
pains of fibrositis, a common variety of 
‘‘ rheumatism.*' They are about ^ynch long. 
Each corpuscle is attached by 'a narrow 
pedicle to the nerve on which it is situated, 
and is formed of several concentric sheaths 
of collective . tissue, each layer being hned 
by_ endothelium (fig. 216); tlmdugh its 
pedicle one or more nerve -fibres pass; 
these lose their medullary sheaths and enter 
a central core, at or near the distal end 
of^which they terminate^in , an arborisation. 
Some of the layers are continuous with 
those of the perineurium, but some are 
super-added. 

End-bulbs are found in the ^conjunctiva 
(where in man they are spheroidal, but in 
most animals oblong), in the glans penis and clitoris, in the skin 
of the lips, in the epinenrium'^bf nerve-trunks, and in tendon; 
each is ahouP*^'^^^ inch in diameter, oval or spheroidal, and is 
composed of a nredullated nerve-fibre, which terminates among cells 
of various shapes (fig. 218). 

Toucb-corpuscles (Meissner's corpuscles) (figs. 217, 219) are 



Fig. 215. — Extremities of a nerve 
of the linger with Pacinian cor- 
j;)U3cle3 attached, about the 
natural size. (Adapted from 
Henle and KoUiker.) 
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. of the fingers and toes. They are 
oblong, abou t inch lon g, and -g^ inch broad 'f each is com posed 



Fio.216. — Pacinian corpuacle of the cat’s mesen- 
te^. The stalk consists of a nerve-fibre (N) 
with its thick outer sheath. The peripheral 
capsules of the Pacinian corpuscle are con- 
tinuous with the outer sheath of the stalk. A 
blood-vessel (V) enters the Pacinian corpuscle, 
and approaches the end ; it possesses a sheath 
which is the continuation of the peripheral 
capsules of the Pacinian corpuscle, x 100. 
C^ein and Noble Smith.) 



Fig. 217. — A touch-corpuscle from the 
skin of the human hand, stained 
with gold chloride. 



Fig. 218.— End-bulb of Krause, a, Med- 
ullated .nerve-fibre; 6, capsule of 
corpuscle. 



c 


Fig. 219. — Papilla from the skin of the hand, freed from the cuticle and exhibiting a Jfeissner's corpuscle. 
Papilla treated with acetic acid; a, cortical layer with cells and fine elastic filaments; h, 
tactile corpuscle with transverse nuclei ; c, entering nerve ; d and e, nerve-fibres winding round 
the corpuscle. X S50. (Kdlliker.) ^ 

of c ells cut off.. originally from the, lower, layer of the epidermis, 
a ud~ surroun ded... by a conne.ctiyeTtissue sheath. They do not occur 
in all the papillae of the' parts where they are found, and, as a 
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rule, in the papilla in ^eh..the 3 ’: .are present’ there are ho blood- 
vessels. ' 

The nerve -winds round the corpuscle before it enters (fig. 219), 

then loses' its medullary shea'th ;' its axis-cylinder branches, and the 
branches terminate within, the corpuscle. 

""Hairs are important organs of touch, particularly in the whiskers 
of the carnivora. Here a nerve network surrounds the base of the 
hair. 

Merkel “ Cells.” — In some cases the nerve-fibrils withiri-a strati- 
fied epithehum end in crescentic expansions (tactile discs) which are 



Fio. 220. '-Termination of meduUated Fio. 221.— One of the reticulated end-platea 

nerve-fibrea in tendon near the mus- of fig. 220, more highly magnified, a, 

cnlar insertion. (Golgi.) HeduUated nerve-fihre ; b, reticulated 

end-plate. (Golgi.) 


applied to the deeper epithelium cells. These are found in the skin 
of the pig's snout. 

Free nerve-endings, i.e,, nerve fibrils which appear not to be 
attached to any specialised nerve-endings also are found. They 
occur in the skin and are .considered to he responsible for pain 
largely because the cornea of 'the eye, wliich has free nerve-endings 
only, appears to appreciate little else but pain. There is evidence, 
however, that pain may he caused by the stimulation of other nerve- 
endings also. 

In addition to the special end-organs, sensory fibres may 
terminate in plexuses of fibrils, as in the sub-epithelial and the 
intra-epithelial plexus of the corned, ^ahd around the hair follicles 
in the skin generally. 

Woollard has described unmyelinated nerve plexuses as occurring 
in the skin and many organs. They are probably concerned with 
diffuse pain. 

Sensory Nerve-endings in Muscle and Tendon. — The sensory 
nerve-endings in muscle are not only concerned with conscious 
sensation but also with the reflex maintenance of posture and 
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equilibrium. The original description by Euffini (1898) remains the 
best available. This function was first appreciated by Sherrington 
and worked out in detail by Matthews (1933). 



‘ They have now been differentiated into four distinct groups : — 

1. The “flower-spray” endings oil the muscle-spindles. These 
look very much like end-plates, as pictured in figs. 220 and 221. 
They are length-re corder-Srthat is. they register passive .stretch . but 
cease to record during active contraction. 

2. The annulo-spiral fibres also on the muscle-spindles'. This 
nerve-ending appears to be looped round a much nucleated intra- 
fusal fibre. They are also length-recorders, but have a higher 
threshold and therefore give off impulses only on very severe tetanus 
— or very severe stretch. 

“ 3. The tendon oigans, pf_Gplgi. These record ahssJute-stretch, 
produced actively or passively, not rate of stretch (fig. 220); 

4. The nerve-endings in the fascia, etc. ' These are commonly 
Paciniau jcqrpuscles which are also- sometimes imbedded in the 
fleshy tissue of the muscle. A simpler and less frequent type is the. 
Golgi-Mazzoni corpuscles, which are encapsulated but simpler than 
end bulbs -which occur in tendons and also in the sheaths of tendons 
and muscle. These nerve-endings almost certainly respond to 
mechanical and ’pressure stimuli. 

5. Pree nerve-endings, are also found in the connective tissue of 
musele. 

These endings are differentiated from muscle plates by the fact 1, 
that they degenerate when the posterior roots are cut (Sherrington), h 


The Special Senses. 

It must be realised that the eye and the ear, etc., are essentially 
highly specialised nerve-endings which, like thosa of the sldn, are 
developed from the ectoderm or outer layer of the embryo.- .The 
details of their structure are considered later. 
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Cutaneous Sensations, 


The surface of the skin is a mosaic of tiny ^sensorial areas; these* 
areas are not set edge to edge as m the retina, but are separated 
by relatively wide intervals wliich are not sensitive to stimuli just 
above liminal intensity. If the stimuli are made nearly minimal, 
the individual fields are reduced to small spots. Each of these spots 
subserves a specific sense, touch, _cpld, heat 6 r~^pain, and each 
doubtless coincides with the site of some , special end-organ, placed 
either sih^^or in clusters ^The' “touch spots,'' “cold spots,” 
“heat spots,” and “pain spots” are intercommingled. In- some 
districts one variety predominates, in others another. “ Pain spots ” 
are the most and . “ heat spots ” the least numerous. It is a 
matter of common experience that the sensitiveness of these varieties 
of cutaneous sensation differs in different parts of the body. The 
tip of the finger, which is very sensitive to the true tactile' 
sense (sense of pressure or contact), is not nearly so sensitive to 
alterations of temperature as the forearm or cheek, to which a 
w’asherwoman generally holds her iron when forming a judgment 
of its temperature. Some parts are more sensitive to pain than ^ 
others, and in the cornea we have a surface in which “pain spots” 
alone are present. 

For the more accurate exploration of the skin, cesthesiometers of 
various kinds have been invented. The sense of pressure may be 
estimated by the ability of the skin to distinguish different weights 
placed upon it; there must be no lifting of the weight, or the 
motorial sense is brought into play. The fraction which by Weber’s 
law represents the differential threshold (see p. 652) varies from 
- 3 V to more than ^ in different parts of the body. It does not, 
however, follow that the acuteness of the pressure sense varies 
exactly as the ability of accurately localising sensations ; for instance, 
the skin of the forearm is as. sensitive to pressure changes as that 
of the palm ; and the tip of the tongue, which is the most discrimi- 
native region of the body for locality, is not so for pressure. For 
pressure stimuli which are near the limen or threshold of sensa- 
tion, the hair ^esthesiometer is much used; this is a hair suitably 
mounted in a holder; the hair can then be shifted backwards or 
forwards in the holder, and the amount of pressure it exercises can 
thus be varied. It is used for the exploration of “ touch spots,” and 
these are found most numerously around the hair follicles. The 
touch spots are more numerous in some parts than in others, but 
fifteen for each square centimetre of skin is a rough average. To 
explore “pain spots” a stout hair or needle is used; in the latter 
case the needle shifts up and down in the holder, and works 
against a spring which registers the amount of pressure exerted to 
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evoke a painful sensation. The sensation evoked by a “ pain spot ” 
is unaccompanied by “cold” or “heat,” even if a cold or hot 
needle is used. For the exploration of “heatspots” a small, hollow, 
metallic pencil is kept warm by a stream , of warm water ; this is 
moved over the surface ; at the site of the “ heat spots ” the pencil 
will feel peculiarly warmer. “ Cold spots ’’ can be similarly mapped 
out by -the use of a cold pencil The next figure (fig. 223) 
shows the distribution- of hot and cold spots on the back of the 
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Fio. 223. — Heat and cold spots on a sq. cm. of the back of the hand. 

' (Somewhat enlarged. After Donaldson.) 

The black dots represent cold spots, their size indicating the strength of the reaction; the circles 

represent hot spots. 


left hand. Certain drugs if applied locally, e.g. menthol, stimulate 
the cold spots- only. 

All these facts clearly indicate that different varieties of sensation 
are the result of the stimulation of different end-organs,- and that the 
impulses are conveyed to the central nervous system by different 
groups of nerve-fibres; they moreover form the clearest piece of 
evidence we have that pain is a distinct kind, of, sensation. 

The question is more difficult to answer, which particular end- 
organ is concerned with each variety of sensation? There is, 
however, little doubt that "the nerve-fibrils around the hair follicles 
oi the short Jiairs are the terminations most affected by changes of 
pressure, and also that ]\^issner’s_ corpuscles are purely, tactual, 
■■'taking the place of hairs, in Ifaifless parts. In the palmar surface 

of the last phalanx of the. index finger, there are 21 Meissner’s 
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corpuscles per square centiruetre ; in' other parts of _the palm and 
sole the number varies from 2 to 8. j^.d-bulbs,. are; believed to be 
the organs for cold ; they are most numerous in the conjunctiva and 
glans-peirisr'where “ cold spots ” are almost exclusively present. The 
end-organs in “ heat spots ” have not been identified with certainty, 
but the corpuscles of Euffini are considered to be such, as they 
are correlated with the warm spots. 

As compared with the sensation obtained- from pain spots, touch 
is quicker in both development and subsidence. Thus vibrations of'' 
strings are recognisable as such by the finger, even at a frequency 
of 1500 vibrations per second. A revolving wheel with a toothed edge 
gives a sensation of smoothness when the teeth meet the skin at the 
rate of from 480 to 640 per second. 


The Nervous Connections of the Skin of the Hand. 

In view of the special importance of sensation in the hand and 
fingers, the arrangement of the nerves -to these parts has been 
investigated by Stopford, who has concluded as follows : — 

1. Cutaneous sensory end-organs are connected with fibres which 
soon join the main deep nerves (median and ulnar) or which take 
part in the formation of the so-called purely cutaneous nerves 
(radial, lower external cutaneous branch of the museulo-spiral and . 
the musculo-cutaneous). 

2. The nerve-fibres from the subcutaneous sensory terminals are 
less regular and are arranged in groups. 

a. Tactile pressure and pressure pain appear to be subserved 
by fibres which accompany tendons and, possibly blood- 
vessels, but they are also slightly dependent upon fibres 
which join the main deep nerves or others which' enter 
into the formation of the purely cutaneous nerves. 
h. The recognition of posture, passive movement and tactile 
localisation are subserved by the digital branches of the 
ulnar and median nerves and fibres which assist in 
the formation of purely cutaneous nerves, particularly 
the radial. 
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SENSATION 

In discussing th6 general functions of a nervous system we have 
noted that it is concerned with the collection of impulses -due-to 
stimuli whi ch arise in the environment of the individual and from 
varioiis_pa£fC~df_thd hbdy. A certain number of these impulses 
reach consciousness and giyejcise to sehsationsT 

All sensations experienced normally depend on the stimulation, 
by an appropriate., stimidus of nerve-endings which are _adapted„to 
receive certain kinds of stimuli or to appreciate a special .quality of 
the environment. These nerve-endi ngs have, for the special stimulus 
for which they are adapted, a lower threshold than have the nerve- 
fibres -themselves, and make it possible for a nerve impulse to he set 
up by a degree of stimulation which would not otherwise be effective. 
For example, a degree of pressure which would not affect the ulnar 
nerve (the “ funny bone ” of the elbow) will cause a sensation of touch 
if applied to the nerve-endings of that nerve in the little finger. 

Nerve-endings have been, developed for the appreciation of a 
large variety of stimuli, e.g. light and colour, sound, smeil,. pressure. 
It is convenient to leave the detailed study of these to later chapters, 
sincp in some'' instances, e.g. the ear and_ the eye, the specialised 
nerve-ending has become much elaborated.- . " 

The stimuli must not only have a speci al q uality but must he of 
adequate strength.- Too light a touch, top faint a sound, will produce 
no" effect on'’consciousness. That strength of stimulus which just 
suffices to evoke a sensation is called the Kminal (from limen, a 
threshold) * value of the stimulus, or its absolute. threshold. 

Similarly, the difference between two stimuli must not fall below 
a certain minimum in order that that difference may he appreciated. 
If two musical tones are of too nearly identical pitch, if two colours 
are of too nearly identical hue, the difference may be imperceptible. 
There is, therefpre,_a hminal value for a. stimulus difference. This 
is known aie~^Q'diff6renUal threshold of the stimulus. 

* Strictly speaking, the liminal value is that strength of stimulus which, in a , 
series of trials, as often just fails as it just succeeds in evoking a sensation. 
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* * • 

iSepsation. However the retina or optic nerve is stimulated light is 
appreciated. Mechanical, chemical; or electrical stimulatidh of' the 
chorda tympani causes ^a, sensation of taste. These observations have 
been made during -surgical operations. 

A great deal of investigation of the actioii pptentials which are 
the basis of the various kinds of sensation have been carried out by 
Adrian, Matthews, Bronk, Eijlant and others, using wireless valve 
amplifiers and oscillometers or cathode-ray oscillographs. In every 
case it is found that the stimulation of a receptor brings about a 
series of discharges .which may vary much in their duration and 
in their frequency, fr om 5 to 3 00 per second. The more rapid 
the. rise of intensity of . the, stimulus the greater' the frequency 
of discharge. Thus the more rapidly the finger is pricked the 





Fio. 224. — Kecord of current of actions from an afferent fibre from a muscle. At the arrow tension was 
placed on the muscle. N ote tbe burst of impulses witb some adaptation— wbicb , however, is never 
complete— as shown by the continuance of the impulses, (Dawson.) 


greater the sensation. The frequency and duration of the responses 
are different from different regions. 

An interesting phenomenon is that of adaptation, in which 
it is found that if a stimulus is continued, impulses-are no donger 
set .jup.. in, the ,nerve. ' This is well shown in fig. 224. Thus is 
explained why -a needle hurts while it is being inserted into the 
slun but not after it is in.,. This adaptation appears to depend 
on the end-organs concerned^ In some, such as those' of the skin, 
or Pacinian corpuscres,'"adaptation occurs rapidly, while in the 
nerycTendings of muscle it is. very slow, a fact which no doubt 
permits the muscle when subjected to prolonged stretching to send 
out the, sustained impulses so important'in posture. 

Intermittent stimulation,' as might be expected, redue’es adapta- 
tion. For example, although the response for -a single blast of 
air on the skin, is. over in i second, intermittency not exceeding 
200 per second will maintain a burst of impulses at that rate. This is 
important in relation to the importance of air movement in 
ventilation. 

Adaptation is seen in many of our common sensations. The same 
room feels warm to a man who enters it from the street, and cold to 
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another who, has been in a conservatory. - The h6t bath appears^ to 
get more rapidly cooler than it- actually does, while if one hand is 
placed in cold water and the other in hot, water at body temperature 
may appear warm to one hand and cool to the other. Herring calls 
the pojnt of._adaptation to temperature “J,he=-physiological_zero.'’ 
Thus the temperature of the mouth and the lips may actually differ 
by several degrees, yet neither of,, them will feel hot or cold because 
each is at the physiological zero temperature, fsensations of warmth 
or cold arise when the physiological zero is altered: they persist 
until a new zero is formed ; according to Rivers and Head, adaptation 
to ^temperature is impossible when -epicritic„sensibility is absent. 
So, too, heavy weights feel unduly heavy after light weights, and 
vice versa. When false teeth or spectacles are first worn, their 
contact is well-nigh unbearable; yet .later, through adaptation, the 
discomfort vanishes. 

The impulse when set up passes into the central nervous system 
by means of afferent nerves. In the case of the cranial nerves, 
some are wholly sensory. In the case of the trunk and limbs, the 
impulses pass along fibres which become incorporated in mixed 
nerves and pass into the spinal cord by way of' the posterior 
roots. Some of the impulses bring about, as we have seen, reflex 
movements, and may never reach consciousness, e.g. the impulse set 
up by slight pinching of the finger during sleep. The majority 
of the stimuli, however, during the waking hours and even during 
sleep, are strong, and the impulses which they generate pass up the 
spinal cord to the brain (see Sensory Pathways). 

Impulses from Muscles. — Investigations (Matthews) tend to 
show that there are characteristics of discharge corresponding to 
the four classes of nerve-endings already described, but we do not 
know with certainty which come from which, nor what functions 
each subserves, but we know that, in addition to afferent impulses 
which are appreciated as pain in muscle, there must be those which 
are concerned with the appreciation of length and tension. An 
interesting point is the fact that the impulses from an extensor 
muscle of a decerebrate animal in rigidity cease when the muscle is 
caused to contract more actively. 

A single sense-organ in a muscle has been found to set up 
impulses 'with a frequency of 30 per second. This has been 
discovered by using the sternocutaneous muscle of the frog, and 
by successively cutting off fibres to leave only one muscle-spindle. 
There is an increase in the frequency of the impulses with the 
logarithm of the load and frequencies from -5 to 500 have been 
recorded. There •ia,-as-we-have -said,,iittle-adaptation-.to .stretching. 

Impulses from tlie Skin. — These are characterised by being of 
very short d uration, about 0-2 sec., and the nerve-endings of the 
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skiR.-Jpe'coming very_ rapidly- adap^ as the adaptation to skin 
sensation suggests. ’' Pain from section of the sk in is therefore short- 
lived unless j}he injured pai\t is stimulated further by movement. 

Impulses causing Pain. — -X^injs, experienced from .stiiniilation 
.of a n y. sense...to .exces s, but mosLcommoniy.„when.. there is acti^l 
damage__tol_tissue-„by„ severing--or— burning of the- skin or from 
excess ivejj^e nsion or ox yg en-w ant..of.internal tissues. " 

There has keen 'considerable debate as to whether or not ' there 
are special' nerve-endings, for in addition to the variety of stimuli 
■which may bring about pain, it has' been pointed out by Herring 
that it would be rather remarkable if there were special endings 
in internal tubes such as the ureter, from which there is normally 
no sensation at all. On the other hand, in certain regions of the 
body, e.g. the cornea, where there are no specialised nerve-endings 
but only the terminal ramifications of nerves, pain is felt, while 
it has long been known that there are pain spots in the skin which 
are sensitive only to pain. As we shall see, too, it is well established 
that in the cord the fibres carrying pain (like touch and temperature) 
become collected into distinct bundles or tracts. This subject owes* 
much of recent years' to the work of Adrian in Cambridge. 

. The difference between touch -and pain is seen when a needle is 
placed on the paw 'of an ansesthetised animal and forced into the ' 
skin, the action potential being recorded from the nerve to the. part. 
When the paw is touched there is a short burst of impulses,^ but 
when the paw is pricked there is a much longer burst of impulses. 
Both types of stimulus show adaptation but pain less_th^U-l^ouch. 
The frequency of' the discharge for pain may vary from 5-100 per 
sec. It is not uniformly high as it would be if it were due to 
stimulation of any kind of receptor. 

It seems likely that the e xten t _oi the sensation . is -determined by 
the number of fibres thro'wn, into activity, but_the .int ensiUL ()i._ the 
ff ns¥t idn'' depends-qn ' the frequency of The dl^harge set up. . As we 
shalfVee later,' the interpretation" of the nature and the value of the 
stimulus to the animal depends on the cerebral cortex, but as seen 
in the spinal reflex harmful stimuli are at once acted upon by the 
spinal cord.. The evidence would appear to indicate that while th^ 
are-speciaU-receptors-for— painj-the-excessive -stimulation , of .other" 
sensory impulses may. produce a-g ross disturbance,, analysed .as, pain. 
This ’would obviously have the advantage of protecting the sensory 
endings concerned, as in the case of light, for looking at the sun 
may cause detachment of the retina. Adrian concludes that “it is 
probable that there are no hard-and-fast divisions into pam endings 
and touch endings or free endings and encapsulated endings,” but 
thinks there is no doubt that the pain endings are mainly free and 
that few of the encapsulated endings give rise to pain. 
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It would seem, too, that the stimulus for pain must attain a 
certain massiveness before it produces a sensation, whether it is 
stimulating a free nerve-ending or a nerve-ending subserving some 
other sense. • " 

Pain in muscle is of special interest as it arises in the cardiac 
muscle and the evidence is very complete that it is due to ischeemia 
or lack of b lood, supply . to. the muscle. The pain which occufi^in 
cramp or muscle spasm is thought to be analogous. Pain which 
is produced by cutting off the arterial supply to the arm with a 
sphygmomanometer cuff does n'ot appear to depend on the tension in ' 
the muscle, for it is not accentuated by contraction although it 

h Needle prick 


^ j j Pulsating 


toothache 





Continuous pain, fluctuating 
Fio. 225. (Lewis.) 


is related to its total amount. It is, however, at once relieved 
by release of the circulation. This has led to the suggestion of 
Lewis that a is release^ and it seems probable 

that the sensation of fatigue in a muscle is produced by a similar 
if not identical substance. The close association between lactic 
acid and fatigue suggests that this may be the substance concerned. 

Pain is affected by a variety of circumstances which may alter 
its character. One burst of impulses is appreciated as a single stab 
of pain, such as that of a pin prick. If tension is produced by 
the accumulation of pus in a confined space, such as the socket of 
a tooth or in a finger, the arterial pulse may be communicated to 
the nerve-endings and the pain assumes a throbbing character. If 
the tension is produced by peristaltic wav es the pain is intermittent, 
such as that produced by taking a purgative, or by the passage 
of a stone down the bile duct or the ureter. .This pain is known 
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as colic and its intermittence is an important point in diagnosis. 
Much pain, especially that following injury, is aggravated by 
movement. The pain which results from arterial blockage is 
sustained while neuritic pains from inflammation of nerves tend 
to be irregular. These various types of pain may be shown 
diagrammatically as in the above figure from Lewis, a research 
physician at University College, London, who has done much to 
elucidate the problems of sensation and circulation in the human 
skin. Adrian (1928 and 1932); Leriche (1938); Lewis (1943). 

f 

Classification of General Sensation. » 

Sensation may be conveniently divided into Special Sensa tion 
an^(fenpral;;ySensation. The former is that which is "a^^ecia ted 
Ly highly specialised nerve-endings localised in certain parts of the’"' 
body, e.g. the_aoje,„ear,,eye, Jongue. The latter is not so confined. . 

General sensation is that felt by the body generally ; it may be 
superficial, i.e. that from the skin, and deep, i.e. that from the 
underlying structures. If the nerves to '|he' skin' are cut, deep 
sensation remains. Suner ficial s ensation includes^. touch, pain,, and 
temperatui’e. Deep sensation refers" to the appreciation of pressure, 
(as distinct from touch), of movement or pain in muscles and joints. 
The fibres subserving this sense run with the muscular nerves, and 
accompany blood-vessels. 

Both superficial and deep sensations have been subdivided further 
according to their fundamental nature. 

Our knowledge of this subject owes much to the pioneer work 
of Head who out one of the nerves in his own arm, ,and, in 
conjunction with Eivers, noted accurately the date and ■ other 
particulars of return of function. The first sensations returned 
about the eightieth day after the operation; they are termed by 
him prgtqpgihic. Protopathic sensibility depends on definite specific 
end-di’gahfi^lsfributed over the skin as sensory “ spots,”, viz., heat, 
cold, .and , pain sp'ots. "When this sensibility is alone present, the 
spaces between these spots 'aib'/msensitive to cutaneous stimuh; 
the 'heat '“spots “react only, to temperatures above 37° 0., the cold 
only' to' temperatures below 26° 0. ; the sensation radiates widely, 
■ahd"*ik often" wrongly localised. The' tactile sensation's of the 
skin, the intermediate temperature sensations, the power to localise 
them accurately, the sensibility of the spaces between tlie spots, 
and a more refined sensibility to pain' return much later, and 
this ^picrit ic sensibility is not perfect until many months after 
regenma^nT has started. It is not known whether, protopathic | 
and epicritici impulses are subserved by the same or by different | 
nerve-fibres, j 
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..hyperaesthesia has been noticeii by most other observers . at the 
J)f any paralysed area. Sharpey-Schafer suggested that the 
terra ““pi’otopathic ” is nothing more or less than pain, and that 
the hypersesthesla is probably caused by the growing parts of 
the Tierve-fibres which subserve pain being hypersensitive. These 
correspond to the protective system of Stopford. 

Whilst it is not wise as yet to be dogmatic in regard to the 
division of sensation, it does appear that the. evidence from both 
clinical experience and comparative anatomy supports strongly the 
main views of Head and Stopford, and their conclusions do seem to 
explain the facts. 

Stopford has given us a convenient view of sensation as a wh61e. 
He points out that at first there is evolved a crude mechanism for 
protection against a harmful environment; later on, better percep- 
tion and powers of.^scrimination are developed. These functions 
are intimately related to the acquisition of better motor control 
and vision, and, later still, with the expansion of the cerebrum an 
increasing understanding of tactile perception is created. It must 
however be understood that each higher stage overlaps, reacts upon, 
and modifies the lower one. 

Drugs . — Cocaine applied locally depresses aU forms of cutaneous sensibility, 
but especially the true tactile sense ; carbolic acid acts similarly but less strongly. 
Chloroform produces a temporary burning sensation, and then blunts sensibility, 
especially to temperature changes. Menthol produces a feeling of local cold because 
it first causes hjrperaesthesia of the end-organs for cold ; this is followed by a depres- 
sion of the activity of these organs, together with that of those subserving other 
forms of cutaneous sensation. 
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the fillet in the upper* part of the medulla. A few fibres pass to 
the cerebellum of^ the opposite side. The column of Goll is derived 
from the posterior Toots of the sacral, lumbar, and lower thoracic 
roots, but' becomes displaced to the middle , line by the column of 
Burdach from the upper spinal roots. 

' Vibratory sensation, i.e., appreciation of vibrations such as 
those of a -tuning-fork, has a similar pathway. The receptors appear 
to be situated in the bones. 

Touc]i.-^The nerve-endings, concerned with touch appear to be 
the Meissner’s corpuscles in the skin, and the Pacinian bodies for 
deeper/sensation. The impulses of tactile discrimination, i.e., the ; 
power of the individual to distinguish between adjacent points on | 
the body surface, travel up on the same side of the cord in the 
posterior columns with the impulses of muscle and joint sense. 

The impulses of tactile localisation, or power of localising a ;.. 
touch, on the other hand pass up the posterior columns, but after a I 
few' segments cross to the opposite side to occupy the anterior parts ( 
of the spino-thalamic tracts close to the fibres carrying impulses ofi 
temperature and pain. 

The impulses of light touch, tactile sensibility, have a double 
pathway, some going with the impulses of discrimination, and some 
with those of localisation. In the mid-brain ‘the bundles carrying 
the. various' forms of touch become somewhat separated, and a lesion 
may affect one variety without affecting the others. 

Temperature and Pain. — ^The .impulse in each instance begins 
at the nerve^ending. 

The impulses are conveyed by the posterior root-fibres to .the. 
central nervous system, where they pass almost immediately* to 
the more posterior part of 'the spino-thalamic tract of the other 
side of the cord. We know tins largely, from studying the disease 
.syringomyelia, in which there is,an_enlargement of the central canal 
"ofTEe cdfd7"^e ..tordegeneration , of. the , surrounding nerve- tissue ; 
the morbid process cuts across the decussating fibres and there results 
■ loss of tactile localisation and of sensations of pain, heat, and cold in 
the segrnents in the neighbourhood of the lesion, although tactile 
discrimination is unaffected (dissociated ansesthesia). In this con- 
dition, severe injury, such as burning of the fingers with a cigarette, 
may occur ' unknown to the patient. . _ He may not let the cigarette 
■* drop as his muscle sense and 'tactile discrimination may be normal. 

It must be', understood that this consideration of the pathways 
for pain and temperature together is merely one of convenience. 
The impulses conveying the sensations are carried by different 
bundles, as is seen by the fact that certain, lesions of the cord may 

* The short lengths of this tract before they cross form Lis^auer’s tract. 
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abolish, for example,, heat,- and leave cold unaffected. Cutaneous 
and deep pain may also not be affected together, but this is probably ■ 
explained by the fact that the subserving fibres do not enter by the 
same spinal roots (Stopford). 

The actual fibres which subserve pain appear to be of all 
varieties (see .p. 68). Some are small medullated fibres, but 
according to Kansbn the majority are^of the more primitive non,- 
medullated type. They are very evident in sections of thB nerves 
of the skin which we know has a high degree of pain sensibility. 
These observations indicate that pain is phylogenetioally a most 
primitive sensation. 

The Thalamus. ' . 

Eventually all the impulses of general sensation reach the ventral 
nuclei of the thalamus where they are felt indistinctly, but front 
wbifih they are sorted out again and are^distributed by way of the 
posterior part of the posterior limb of the internal capsule to the 
sensory area of the cerebral cortex. 

The thalamus informs us if a body is hot or cold; but cannot 
differentiate more accurately between finer differences of temperature, 
nor can it tell the size or shape of an object. Similarly, the thalamus 
can appreciate only crude pain, which it cannot localise. 

In cases of rupture of the thalamogeniculate artery which 
destroys the posterior third of the ventral nucleus there may be 
transient disturbance o*f cutaneous sensation and on the opposite 
side a permanent loss of deep sensibility. 

The thalamus is also intimately connected with the various parts 
of the hypothalamus and corpus striatum (Le Gros Clark). ( ■: - ' ' 

The lateral ventral nuclei receive fibres from the cerebellum and 
transmits to are^s 4 *ahd 6 of the cortex. 

It is possible by injecting strychnine 'into the thalamus' (Dusser 
de Barenne) to demonstrate topographical localisation in it. 

The Significance of Sensation. 

It is an important physiological truth that the significance of any 
given sensation to any individual depends on the circumstances in 
which it is experienced or in which a similar sensation has been 
experienced in the past. This is simply demonstrated in the old - 
experiment of Aristotle. If a pencil be placed between the crossed 
fore and middle fingers’ there is a sensation of touching two 
•objects. The pencil is touched by two surfaces, which, under 
ordinary conditions, could only be touched by. two separate objects, 
and in the light of past experience we conclude that two objects 
are involved, regardless of the fact that the fingers are - crossed. 
Many other errors of judgment depend on similar past experience. 
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that lamp-posts do not change in size in the same street. A drawing 
of a street, \theref ore, in which the perspective is wrorig-in relation to 
the lamp-posts may give a completely erroneous idea of relative sizes. 

The significance of a sensation also may depend on immediately 
previous sensation. For example, water at 30° C. is hot to a .hand 
which has previously been in ice-cold water but is cold to a hand 
which has been in water at 50° 0. 


Psychological Set in Pain, 

When the physiologist has finished' considering pain the 
psyehologist takes the matter further and his role is of the 
greatest importance in practical medicine. The psychological set 
is important in both negative and positive directions; that is tot 
say, a severe injury may be received in certain circumstances and’ii 
not produce pain, or pain may be felt when there is no discoverable') 
abnormality to aecount for it. , 

Absence of pain is frequent if the injury, such as a severe kick 
on the shin, is received during an exciting game of football, but 
still less understandable is the fact that a patient may be persuaded, 
especially during hypnosis, that any given procedure is or is not 
painful. In hysteria a patient may be convinced that she cannot 
feel in some part of the body and allow herself to be injured, yet 
the doctor may, from- the anatomical distribution of the anaesthesia, 
be quite satisfied that it is mental.; Typical is glqye_anfesthesia, 
affecting the hand only, and which could only be produced by 
damage to all the sensory nerves at the wrist. Such patients are 
often tricked into recovery. It is believed that the state is 
essentially one of auto-suggestion . The subject is discussed in 
works on Psychology. 

‘ Referred Pain.— It is evident that the impulses which pass up 
certain paths have a certain significance. This we have already 
referred to in relation to reflexes. For example, an individual who 
has had a leg amputated may experience pain in the limb that is offj 
if the nerve-fibres which formerly supplied the leg are stirnulated 
through involvement of theii\cut ends in the scar. 

Thus also pain, if set up by impulses which are transmitted by the 
sixth dorsal root, is referred to that part of the body from which we 
have had previous sensory experiences, namely the shoulder-blade, 
although in reality it may arise from the passage of a gall-stone 
down the bile-ductr -Each spinal nerve con tains afferent„fibres,trom 
ajLAinternal_prgarLjas3vrell--as— from -theAskin^hd errors in the 
localisation of disease on the part of the patient niay readily occur. 
Commonly, however, as soon as the patient realises that pressui’e 
with the hand in a certain region elicits the pain, the latter is 
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and cold .on swallowing liquids of different temperatures are entirely 
referable^ to the upper portion of the alimentary canal. Hurst’s 
experiments place this beyond question; immediately the food has 
passed into the stomach we are' unaware of its temperature except 
by the warming or cooling of the neighbouring portion of the gullet, 
or the skin overlying the viscera. 

Pain is the most widely distributed sense in the body, but in 
internal organs is not ' localised accurately, and it is here that the 
“referred paius” in corresponding skin areas (see p. 666) are useful 
for diagnostic purposes. Pain, however, is not produced in the 
viscera by handling or even by cutting or burning : it appears to be 
associated with excessive action,’ stretching, and with inflammatory 
conditions which involve the sensitive parietal layer of the peri- 
toneum. This has been amply shown in operations in which the 
abdomen has been opened under local anaesthesia. Inflammation of 
the serous membranes is an exceedingly painful condition — for 
instance, in pleurisy and peritonitis — ^but this condition, per se, does 
not apparently cause any referred pain or tenderness in cutaneous 
areas. 

Many of these facts may be illustrated by the use of the spinal 
animal in which painful stimuli produce reflex movements of the 
limbs and tail. They also cause a dilatation of the pupil in the 
cat under chloralose anaesthesia. McDowall has shown that either 
of these methods may be used for 'tracing the afferent fibres from 
the viscera. 

It appears to be a general rule, as Head first pointed out, that 
the mind projects sensations arising from an area of low sensibility to 
that area of higher sensibility which is related to it most closely by 
connections within the central nervous system, and this underhes the 
causation of referred visceral pains, and of alloeheiria. 

■ There are, however, special kinds of sensation arising from 
internal viscera which have no counterpart in the ’sensations of the 
cutaneous surface. Of these, hunger and thirst are the most familiar. 

References to Viscerae Sensation : — ^Lewis, Leriche, Ranson, Morley. 


Hunger. 

When slight, hunger is termed appetite, and there is some differ- • 
ence of opinion whether the two afe'^separate sensations, or only 
different in degree. Appetite-is ..referred to the stomach, and is 
a normal sensation, which arises at an interval after a meal, and 
as is~well~'knowSrit is intensified by muscular exertion, especially 
if the air is cool. It has been suggested that the oxidation processes 
which occur in the muscles produce some, substance or substances 
which excite the sensory nerve-terminals in the stomach. In t 
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diabetes, where oxid&,tion runs an unusual coupse, carbohydrates 
escape oxidation to a large extent, an inte nse appetite may be 
present in spite of abundant feeding. 

Hunger is .associated-with motor activity of the^sto maoh , which 
can be recorded from a swallowed balloon attacEed by miel-ns of 
a tube to a recorder. Carlson, Professor of Physiology in 
Chicago, claims that these movements bring about liang er JpaiPB. 
The sensation of hunger can be temporarily appeased by filEn^the 
stomach even with indigestible or non-nutritious material. Carlson 
has shown that the movemen t 3 --are-lreflexly-inMb ited wh en_ food 
enters the-mouth and. is .masticated;, the, nerves .of - taste ..ac t as the 
afferent channel for -the -reflex; hence the feeling of hunger passes 
off long before abs orpti on-of jQod.,begins. It may be assumed that 
the appeasing of the appetite results in a reduction of gastric 
tone. There is evidence that the .sense _olJiunger_may-be-related 
to the amount of the blood-sugar (Lawrence). Attention was 
drawn to this aspect of the question by the fact that the injection 
of insulin wliich lowers the blood-sugar causes a sensation of 
hunger which may almost amount to pain. At the same time there 
are hunger cont ract ions.. These are inhibited by the intravenous 
injec ti 0? of sugar (Bulatao and Carlson). An extensive study of two 
diabetic students who took insulin regularly, and in whom balloon 
records were taken from the stomach, failed, however, to reveal any 
relationship between the sensations, blood sugar and stomach 
rnovements (]\IcDowall). The subject was investigated by Poulton 
and his co-workers, who showed that the actual pain occur8,..not 
,when„the„Btomach -is . contracting but when ' it ~is Aelaxed. Their 
experiments suggest that there is during hunger a'fise of tension 
in the stomach or elsewhere which compresses the nerve-endings. 
These, however, are relieved when the muscle-fibres take up the 
tension and prevent the compression. This explanation receives 
support from the common experience that a pang of hunger is 
frequently associated with the sound of gurgling and sensations 
of movement of gas in the gut. 

It is jiist possible that the sensation due to slight gastric 
distension of an empty stomach by gas or a balloon is not the same 
as true hunger pain. 

We must, however, recognise that the gastric sense is a complex 
one, as is illustrated by the aversion for food felt during monotonous 
diets or after over-feeding, or when certain articles of diet are 
taken, or the cause of the absence of hunger after fasting for four 
da}’s. These and many other points are not as yet understood. 
(Carlson, Poulton.) 
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Thirst. 


.Thirst is a sensation refer-red diD-thespharYngeal region. ra.th or than 
. Jp-hhe, stomac h,, and appears, hke hunger, .to ..be. . a , . prat eotiYe-signal. 
locally excited to warn the living organism of the necessity for regu- 
larity in the intake of nutriment. - Although its intensity increases 
with -the loss of water from the body, leading to a. lessening of- the. / 
saliva secreted, probably as a result of a slight increase in the osmotic 
pressure of the blood, it occurs normally long before there is any 
sermus__upset.„i)f_ the norihal relationship.;. of „:the water ^percentage 
"of the -tissues. It is~ ' ap peased' immediately by the administration 
of fluid , and although fluids reach the absorbing surface of the 
duodenum sooner than was formerly supposed to be the case, it is 
unquestionable that- the ' rehef of thirst is mainly the result of 
moistening the local surface, the . impulses from which excite the 
sensation. Thirst may be produced by drying the throat artificially. 
This accoutits for the thirst which results from the taking of 
■ excessively salt or sweet articles ..of .diet. .Mere physical drying of . 
the throat (Cannon’s “ false thirst ”) produces a similar sensation and 
•is relieved by the local application of water without its necessarily 
being swallowed. A further proof of the local nature of thirst i s seen 
in the fact that it is_aholished-by-painting the back^olthe tongue 
with— cocaine, a drug which paralyses nerves and nerve-endings. 
Thirst which is due to prolonged deprivation of water is not 'a mere 
local sensation, hut is produced by loss of water in the tissues gener- 
ally, exciting widespread sensory terminations therein; the bodily and 
mental anguish experienced are then of an intense character. 

' The independence of the two sensations hunger and thirst is well 
illustrated in many diseases, 'where a loss of appetite occurs without 
any corresponding loss of desire for fluid. Starling (1909). 
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activities of the mind are correlated and affect feelings and conduct 
are discussed in Sane Psychology, 'a biologifial introduction to 
Psychology By the same author and publisher as this book. 

In the past the subjects of Physiology and Psychology have been 
almost poles apart because those whose' outlook commenced with 
the immaterial entity, mind, could -see little or no need for the 
nervous system or any of its workings. It is, however, slowly 
becoming apparent that not only has mind a profound effect on 
body but the body greatly influences mental processes, and that 
many of the known workings of the lower parts of the nervous . 
system have obvious counterparts in the mental plane, with the 
result that with a saner and more balanced appreciation of the 
facts the boundaries between Psychology and Physiology are fast 
disappearing and their separate fields are becoming merely con- 
ventional. Thus we have for the physical protection of the body, 
protect ive re flexes, -protective -instincts,- and -protective-reasoning,- all 
inerging into each other, but all having a common purpose, while 
in Psychology we learn of many mechanisms for the promotion 
of the protection of the peace of mind. 

Loss of Consciousness. ' - } ' 

Although we do not know exactly what consciousness is, we 
know that it depends on a number of entities which are of great 
importance in practical medicine. 

1. The Physical Integrity of the Brain. — We know that if 
the cerebrum is damaged extens iyel-yT-consciousness is lost. This 
loss may be temporary'ahd may result from a sudden blow, such 
as the “knock-out” in boxing. This is believed to 'be due to a 
sudden raising of the pressure in the cerebrum and the production 
of cerebral.an8emia._ (Trotter, Soutar.) 

27 The'^ Cxy gen Supply to the Brain. — ^Amy_co.ndition p^hich 
reduces the oxygen supply to the brain produces unconsciousness...,. 
The oxygen inay fail because the blood supply is deficient or the 
blood itself ‘ma,y not, contain,, sufficient .oxygen. 7 

Loss of consciousness, therefore, occurs whenever there exists 
any condition which interferes with proper aeration of ' the blood 
in the lungs. If the blood is deficient in hsemoglobin, or if the 
hsemoglobin is combined with carbon monoxide to a sufficient degree, 
unconsciousness is produced.' 

"A. state of serui-consciousness may be produced by over-breathing. 

In this case the blood contains sufficient oxygen, but the loss of; 
carbon .dioxide prevents it from dissociating to the cerebral cells," ' 
and ' this is” accentuated by any procedure which tends to lower 
the arterial blood-p.res'sure, such as expiration against resistance 
(Hemingway). 
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has been usually thought, and that both are due to the in’adia.ti on 
oi-iahibition. The subject has already been dealt wiSi undk* 
“Cohditibned Eeflexes.” This view makes it possible that the 
inhibitory process need not occupy the whole of the cortex at a 
given time, and thus gives interesting explanations regarding t, 
sleej)-walking,. ..dreams, persistence,. the sense of time during -i 
sleep, etc. Incidentally, it~ suggests that the popular idea that I 
certain individuals are at times only half-awake has some scientific 
justification 

It is not, however, agreed by psychologists that hypnotic and 
normal sleep are so alike as Pavlov claimed. 

. The view that sleep depends on the actiyi.ty-of-a'-localised-part 
of the brain-is-Supported.by.Eanson, who produced sleep by. section; 
of_.theLlateral hypothalamus in monkeys. This view does not- 
contradict that of Pavlov but' rather supports it, for we knowC 
that parasympathetic activity is very commonly, conditioned. As’ 
examples " We may”' take the secretion of saliva, vomiting, constrictionV^ 
of the bronchi in ^asthma, and erection of the penis. The exactu 
relationship of this “ sleep'centre ” to the sympathetic is unknown.'; 
In this connection it should be noted that sleep occurring naturallylj 
or produced by narcosis, provided the narcotic does not stimulate,^? 
is always associated with diminished sympathetic as distinct from 
parasympathetic action. The pupil is constricted, the'-heaft slowed, 
and digestion continues. 

The Cause of Sleep. — In conclusion, we say that sleep occurs 
when certain parts of the cerebrum are inhibited, but that the 
inKhitibnTiFla'cilitat'ed'hy states which promote cerebral anasmia or 
a generalised reduction of sympathetic activity. Prom a practical, 
point of view"it~shdurd''be remembered that states, e.g. sensory 
stimulation or cold which cause increased sympathetic activity, are 
liable to prevent sleep. Thus the hot water bottle is justified. 

i v'*' '■ >.\ I'- "■'■(1 ' , ‘ ■ T'' 

The Relation of the Action of Narcotics and X 

Ar^sthesia to Sleep. 

Many attempts have been made to relate the action of drugs 
which produce u ncon sciousness . to sleep. _ It is well recognised that 
the sleep produced by narcotics is restful^nd beneficial,. but it may 
be that th'ey'"'faciirtate or^nitlate normal" sleep. This sometimes 
occurs during th'e'induction of ansesthesia. It wi ll b e.jealisedAhat 
a narcotic only differs from -an-ansesthetic-hy—convention. ^ith 
the ' anaesthetic the unconsciousness is. deeper and niore easily 
reversible. 

There can Be no doubt that, as shown by Demoor, little 
round RwellinETS are nroduced on the dendrites bv the action of 
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ancesthetics and narcotics and the^Nissl bodies of nerve-cells are no 
longer so easily stained. Many have ‘'tried to prove ' tliat such drugs 
produce unconsciousness by reducing cerebral oxidations,', but the 
evidence for this is, however, so very slight that it may be ignored 
(see Henderson, 1930, and Pask, 1941). Some anaesthetics may act 
by becoming dissolved in the fatty cell envelopes, and . certainly the 
effect ,of the older anaesthetics* was usually proportional to their 
fat solvency. This constituted the basis of the well-known Meyer- 
Overton hypothesis. Several of the newer anaesthetics and narcotics 
are, however, not s pecif y fat soluble^ and, it now seems more 
probable that they act on'^hzyuhe systems in‘ the cells or, as 
suggested by Moore and Eoaf, by making some unstable compound* 
with the cell protein. It might be that the drugs interfere . with 
humoral transmission between the neurones of the cerebrum. 

. However such drugs act, it is evident that neither they nor sleep 
* do the same permanent harm as does prolonged deprivation of 
oxygen. 

The Effect of Loss of Sleep. — It should be recognised by the 
/public that sleep is the period^ of ^anabolism; repair, and growth, 

• and a large allowance is therefore necessary in growing children, 

• who, amongst the lower classes, are often seriously harmed by' 
insufficiency of sleep. 

A thorough investigation of the effect of sleeplessness in adults 
was made on himself and his colleagues by Kleitman of Chicago ; they 
voluntarily went without sleep for periods varying from 40 to 115 
hours. They could easily remain awake when actively engaged, but 
became drowsy when sitting and fell asleep immediately on lying 
down or on complete muscular relaxation. It is remarkable how 
normal they remained otherwise; their blood, urine, etc., were 
examined, as was also the condition of their heart, respiration, 
blood-pressure, temperature, appetite, digestion, basal metabolism, 
and reflexes. Any departures from the normal, if present at aU, 
were trivial; subjectively the feeling of sleepiness was alone 
marked; ability to do mental arithmetic was unimpaired. The- 
j 'most essential factor in causing sleep is muscular, relaxation.;- this 
1 causes a loss of^proprioc^t^^^ which in activity are always 

^ iS^cHpnTr^ ^ ^ 

The effect of loss of sleep not exceeding one night has been 
shown experimentally to have a beneficial effect during the first 
half of the following day, but thereafter there is a falLin efficiency 
which, in spite of ^leep, may not be fully recovered for three days. 

Experimental studies show also that although during the first 
three hours sleep is at its deepest it is not so recuperative relatively 
I' as the later five hours of lighter sleep. It would seem then that 
J the duration is more important than the depth of sleep. 
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The Electrical Reactions of the Cortex.’ 


Modern, methods of amplification by means of valves have made 
it possible to study the action potentials of the cortex which occur 
during activity. These may be recorded direct from the brain of a 
lightly anaesthetised animal or from the scalp of man. During sleep 
or deep anaesthesia there is almost complete~ ^nehce .” but during 
consciousness or Tight anaesthesia various rhythmical changes in 
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Fig. 228 . — Enceplialograms taken in subjects in different states. Note tlie special activity 
of the occipital cortex. (From records kiiidly supplied by Dr Dawson.) 


potential are recorded — notably the Berger rhythm of the human 
electro-encephalogram. External stimuli sometimes synchronise 
independent normal rhythms. These electrical changes appear to 
be the result of groups of neurones in action — for it can readily 
be shown that the changes in special regions of the brain become 
increased or altered when corresponding sensory nerves are stimulated. 
, For example, the, pccipitaL cortex becomes active when the . eye is 
stimulated, but the inherent Berger rhythm is abolished. There 
- seems little doubt afferent impulses are also concerned in the 
production of the electrical changes, for a section of the brain stem 
reduces the waves to those of deep sleep (Bremei’, 1937), which 
is due to a slow synchronous discharge mainly of the occipital 
cortex. -The alpha waves of Berger are reduced by mental activity 
or attention to any spec ial s timulus.- As a subject falls asleep the 
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BASAL GANCLIA:' SUMMARY 
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When a decision is made to make a certain movement we may 
look upon the effective impulse as starting in the motor Urea of the 
cerebrum and passing down the p yram idal tracts.^' The pyramidal 
tracts arise in the larger pyramidal cells of the precentral . gyrus. 
Thence the fibres converge, like the frame of a fan, through the corona 



INTERNAL CAPSULE 




Fio. 229. — Degeneration after destruction of the Bolandic area of the right hemisphere. The black 
degenerated area shows the position of the pyramidal tracts throughout its course. (After Gowers.) 


radiata to the internal capsule (fig. 229), where the fibres ^beconie' 
bunched together between the lentiform nucleus externally and the 
thalamus and caudate nucleus on the inside (see also fig. 229, b). In 
horizontal section, the internal capsule appears bent. The pyramidal 
tracts lie at the bend and in the antermr two-thirds of the posterior 
limb, and from before backwards the fibres are arranged in order for 
the head, arm, trunk, legs. The posterior third of this limb is 
occupied by sensory fibres on their way from the thalamus to the 
cortex and by the final visual and auditory path. “ The anterior 

*' These tracts consist of a million fibres and cannot arise slowly from the Betz 
cells of which there are only about 35,000. 

* 
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limb of the capsule is occupied by fibres passing from the frontal 
lobe to the pons. The importance of this arrangement lies in the 
fact that a destruction of the fibres very readily occurs as a result of « 
cerebral haemorrhage in this region, and the localised paralysis which 
results depends on the actual damage done. These anatomical, 
details have been ascertained by studying the detailed effects of 
destruction of the motor area. The effect of tliis is. shown in 
fig. 229. 

In the crus the fibres occupy the middle of the region in front of 
the substantia nigra (s.K.) ; in the pons the fibres are more scattered, 
but in the medulla they become again concentrated in the anterior 
aspect. In the lower part of the medulla most of the fibres cross 
to the opposit-e side at the decussation of the pyramids, the crossed 
pyramidal tract occupying the lateral column of the cord imtil it 
reaches its destination. In the lower part of the cord where the 
cerebellar tracts are small the pyramidal tracts extend to the 
lateral margin of the cord. The fibres of the tract end by arborising^ 
round internuncial cells in the region of the posterior horn (not the| 
anterior), whence they are relayed to the anterior hoin cells, whose ♦ 
axons pass out from the spinal cord to the muscles, etc. Some of 
the pjTramidal fibres do not cross but remain as the direct pyramidal 
tract in the anterior aspect of the cord throughout, crossing, 
however, at intervals as far down as the lower thoracic region. 
Throughout its course in the brain the pyramidal tract gives off fibres 
via sensory cells (such as those in the substantia nigra) to the 
cranial nuclei. 

The pyramidal tract is not found in all vertebrates below 
mammals, ^and its fibres are few in the lower, mammals. In rodents 
theyTie in the posterior columns. The direct pyramidal tract is 
foundmnljiin.man.and in the higher apes. 

, The rubro-spinal tract lies and functions in close association 
with the p}Tamidal tracts (see fig. 230) and, as we have seen, if 
it is cut, together with the pyramidal tracts, decerebrate rigidity 
results. It has its origin in the red nucleus, crosses in the mid- 
brain at the decussation of Florel and ends by synapsing in the 
lateral grey matter of the cord. Other descending tracts^ the 
functions of which are unknown, .are a few short teacts in the 
posterior columns, and the olivo-spinal tracts which may be 
concerned with equilibrium. 

In clinical work the Betz cell and the pyramidal fibre are 
commonly Jknown as the upper motor neurone^ while the anterior 
horn cell with its axon is known as the lower motor neurone. 

! Destruction or damage to the p}Tamidal tracts results in 
paralysis of the particular part of the body supplied. If above the 
decussation of the pyramids in the medulla, as it commonly is in 
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• cerebral liceniorrhage, the .paralysis is on the opposite side of the 
body, although it may affect the muscles of the’ same side of the 
' face/ If the motor area is dairiaged, as it may be at birth, '‘paral;^is''' 
' of a single limb may occur. Even when both limbs of one side are 
affected (hgiuij^l^gl^)^ trunk, chest, and abdomen which are 
bilaterally innervated usually escape. The state of the muscles is 
somewhat reminiscent of decerebrate rigidity^ the paralysed muscles 
liave excessive tone (spasticity) and the deep reflexes of the part are 
increased. 

Damage to the tracts in the spinal cord is less common. It may 
occur in injury and disease, e.g. tumour. In such conditions the 
interference with voluntary movement is, as a rule, accompanied by 
impairment of sensation also. 



Usefiil voluntary activity does not, however, depend solely on 
the motor pathway. It depends also on sensation, as we have 
already seen on page 611, and it must be realised that diagrams 
such as that above are merely convenient ways of conveying a 
mental picture. All the evidence appears to indicate that when 
we move, say an arm, a shower of impulses is sent down the 
pyramidal tract to the anterior horn- cells moving the essential 
muscles concerned, but that such contraction sets up at‘ once groups 
of reflexes which modulate the activity of the muscles and the 
associated muscles. (See also p. 684.) 

No doubt the cerehin:ncJ^^aiL-.connections,~-^m.„the. pontine 
nu clei, also play a part, but how they do so can only.be conjecture. 
Possibly impulses pass down these pathways at the same time as^ 
they do, the pyramidal tracts. 

It is, however, to be understood that to consider the voluntary 
impulse as beginning in the motor area is merely convenient, as it 

* This crossed paralysis involving the face on one side and the limbs on the 
other is characteristic of hsemorrhage into the pons. Lesions higher up, e.p, in the 
internal capsule, cause paralysis of the opposite face and limbs. 
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is the first point which we know of accurately. No doubt, impulses 
reach this area from the association areas and there is evidence that 
the frontal area' may- be specially concerned (Kinnier Wilson). The 
close relationship of the sensory to the motor area suggests that 
many of the stimuli come from the sensory^ area and there is little 
doubt that many of our. so-called voluntary actions are' more in 
response to direct sensory stimulation than at first sight appears. 
It is of intefest .also to observe that repetition of voluntary 
movement to a given stimulus (seen in taking reaction times) 
does cause an increased speed 'of response, while drugs, e.g. 
bromides, and diseases, e.g'. myxoedema, affect voluntary activity and 
reflexes. ' t ■ . - i' ■ r 

Reaction Time in Man. — ^The term reaction time is applied to the time occu- ‘ 
pied.in the central nervous system in that complex response to a pre-arranged 
stimulus in which the brairi as well as the cord comes into play. It is sometimes 
called the pe rson al equation. It may be most-readily measured by the electrical * 



Fio. 232.— The dilemma. 


method, ..and the diagram (fig. 231, p» 682) illustrates one of the numerous 
arrangements which have been proposed for the purpose. 

' In the primary circuit two" keys {A and 5) are included, and an electro-magnetic 
' signal (1), arranged to write on a revolving cylinder (fast rate), A time marker or 
chronograph (2),*marking 1-lOOths of a second, is^ placed below this. The experi- 
ment is performed by two.persons C and D. The key A^ under the control of G, is 
opened. The key jB, under the control of D, is closed. The electrodes E are 
applied to some part of D’s body. C closes A. The primary circuit is made, and 
the signal (1) moves. As* soon as D feels the shock he opens R, the current is thus 
broken, and the lever of the signal returns to rest. The time between the two 
movements of the signal (1) is measured by means of the time-tracing written* by 
chronograph (2). From this, the time occupied by transmission along the nerves 
has toybe deducted, and the remainder is the reaction time. It usually varies from 
0T5 to 0*2 second, but is increased in : — - 

The Dilemma . — The primary circuit is arranged as before. The wires from 
the secondary coU lead to the middle screws of a reverser without cross wires. To 
each pair of end screws, a pair of electrodes E and ii/" ]^ss ; these are applied to 
different parts of D’s body (dg. 232). It is arranged previously that D is to open 
JB, when one part is stimulated, but not the other, C adjusting the reverser unknown 
-to D. In these circumstances the reaction time is longer. 
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The reaction time in response to various kinds of stimuli, sound, light, pain, 
etc., varies a good deal; .the condition of the subject of the experiment is also an 
important factor. 


The Role of Afferent Impulses in Voluntary Movements. 

Although, as we have said, voluntary movements are conveniently 
looked upon as commencing in the motor cortex of the cerebrum, 
afferent impulses play a large part in their initiation and accurate 
execution. 

In the first instance, our decision to make any movement is 
almost invariably the result of an impulse from the external 
environment, which causes us to make the movement at a given 
time. Similarly, afferent impulses may cause us to move the part 
in a certain direction. ' 

If the movement involves balance, all the impulses from the 
eyes, from the labyrinth, and from the muscles themselves determine 
the extent to which movement may be made and the necessary 
adjustment which is required to maintain equilibrium. 

The impulses from the muscles themselves are of special 
importance in grading and co-ordinating. , This 'is well seen when 
' there is, as in tabes, disease of the posterior horns- and posterior 
nerve roots. The patient is unable to judge exactly when his feet 
reach the ground in walking, his gait is therefore stamping and 
gives the name locomotor ataxia to the condition. All such 
impulses from the muscles are co-ordinated in the cerebellum, hut 
how exactl)^ they are linked to those of the pyramidal tracts is 
unknown. 

Finally, afferent impulses may bring voluntary movement to an 
end as is well s^en in the “Halt” of the drill instructor. 

It is of interest to note in conclusion that when Ihe sensory 
nerves are cut or damaged there is a disinclination to move the 
part. If the trigeminal nerve is cut (for neuralgia) the patient does 
not move his face unless specifically asked to do so. Similarly there 
is in tabes a lack of desire to move, and a similar state has been 
noticed in animals whose posterior roots are cut. 


The Cerebellum. 

The cerebellum consists of a central lobe known as the vermis 
which connects two hemispheres, but unfortunately the usual 
anatomical’ descriptions bear no relation to function. Its outer 
cortex of grey matter is even more infolded than that of the cerebrum, 
and in the white matter of each hemisphere are situated masses 
of grey matter of which the most important are 'the dentate nuclei. 
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The grey matter is peculiar in possessing the cells of Purkinje, each 
of which has a hush-like dendron. 

The connections of the cerebellum to the rest of the brain 
are by means of its three pedimcles in which are the nerve-fibres 
which subserve its various functions, but the exact function of all 
these connections is by no means clear. (See fig. 233, p. 686.) 

The inferior peduncle (i.P.), or restiform body, is composed of 
ascending fibres which pass into it — (1) from the cerebellar tracts 
of the same side, and (2) from the olivary, nucleus of the opposite 
side; (3) from the nucleus gracilis and nucleus cuneatus of both 
sides (external and posterior arcuate’ fibres) ; (4) from the vestibular 
nerve, or from the nuclei in which it terminates in the pons. 

The middle peduncle (m.p.) is formed of fibres which originate 
from the cells of the nucleus pontis : they pass from one side ,of the__ 
pons to the opposite cerebellar hemisphere. 

In the higher mammals, which use their forelimbs freely, 
these connections are of special importance as the impulses ,from 
the motor area of the cerebrum pass through this way via the, nuclei 
pontis. 

The superior peduncle (s.P.) consists of (1) the axons of_ the 
cells of the nucleus dentatus and (2) fibres of the indirect spino- 
cerebellar tract. The axons arising from the nucleus dentatus 
decussate in the mid-brain with those of the opposite side, give off 
descending branches which terminate in the nucleus of I)eiters, and 
furnish collaterals to the red nucleus and third nerve nucleus; they 
are then continued upwards, to the optic thalamus. From' the red 
nucleus the rubro-spinal £ract arises, decussates with its fellow in 
the mid-brain, and descends to the spinal cord. From the optic 
thalamus a relay of fibres passes to the cerebral cortex. 

Thus it will be seen that each ha lf, . of the cerebell um receives 
imp ulses. ,from the, joints and muscles, mainly from the same ^side, 
«;m^e,spin.o-cerebellar. tracl^pffonrT)he'lal^rintlbj3yjneans of the 
vestibular_,nery.e, pf_ the same side f and from the cerebral cortex of 
the opposite .side,,, throu^'''the'^ffohto-phnfiM tract “and the nu cleus 
pontis. Since the axons of the"Puflanje’cells of the cerebellar cortex 
eiid in' the nucleus dentatus, the axons of, which form a large part 
of' the superior peduncle, one hemisphere of i the cerebellum furnishes 
efferent impulses to the opposite cerebral hemisphere via the optic 
thalamus and to the same side of the spinal cord through the 
rubro-spinal tract; the impulses to the spinal cord, must therefore 
cross the middle line twice. The cerebellum, through its superior 
peduncle, also gives impulses to the third nerve nucleus ; the importanii 
part played by the cerebellum in the co-ordination of eye-movement^ 
is thus readily imderstood. • ' 

y,Jhe function of the cerebellum was first pointed out by 
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Flourens, who showed that the cerebellum is, as has been indicated 
already, &e.^reat.centreJor~the~co-ordinatiorLoLjnusculanmoy.ement. 
— thalis. the harmo nious_adjustment^of the worHng of the muscles ; 
in doing so the cerebellum co-operates intimately wiWthe'^postural 
jnechanisms already described and with those responsible^or 
voluntary movement. 

Fulton describes it as a vast organ of the motor system lying in 
the downstream in the reflex arc -from the cerebral cortex. There 
seems to be little doubt that it is particularly concerned with 
co-ordinated movements which have been acquired. 

Its functions are suggested by its nervous connections (JBg, 233) 
and by its development, a study of which has been made by 
anatomists, but have been largejly confirmed and extended experi- 
mentally by extirpation experiments and by studying the elec- 
trical potential changes which are produced by various peripheral 
stimulation. 

These functions fall into three main groups : (1) equilibration, 
(2) standing, (3) the co-ordination of muscular movement. 


\ 


1. A study of its development in animals indicates that the 
organ is developed as an extension from the vestibular nucleus. 
Its earliest developed part of paleoc erebellum_(the^, flocculus and 
nodule) has therefore special connectibn with the vestibular part 
of the 8th nerve and is concerned with equilibriu m.^ In fishes 
and birds this is well seen. 

2. With the development of legs and the antigravity 
mechanisms the cerebellum becomes concerned with the impulses 
from muscles, especially from the limbs, and the spino-cerebellar 
tracts make their appearance and are associated with the develop- 
ment of a new part in the middle of the organ which go. by 
different names, the paraflocculus P.F. with the pyramid. In 
this region representation, of the various areas of the body is 
seen. 

3. In the higher mamlnals in which free movement of the 
limbs, apart from standing and walking, becomes an established 
feature, the cerebellum takes on a still larger function in regard 
to co-ordination of muscular movement, and new afierent connec- 
tions via the thalamus and efierent connections via the pontine 
nuclei between the cerebellum and the cerebrum become estab- 
lished. A new portion or neo.cer.ebellum (The Body) grows again 
into the middle of the existing cerebellum and becomes its largest 
part, but a study of the electrical changes of this region suggests 
that its function is largely associational. (See Localisation of 
Function below.) 

The functions of the cerebellurn have for the most part been 
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may be seen if the patient attempts to touch the nose; he not only 
has difficulty in reaching the nose, but he may strike the nose forcibly, 
while in attempting to make such an accurate movepaent the muscles 
instead of acting smoothly together (ast/nergia). 
There is also a 'coarse Tremor"’ of " the hand and there may be 
nystagmus of the eyes (see below). • • 

The weakness, if unilateral, tends to render him liable to fall 



Fig. 235. — Diagram allowing the points of receipt of afferent impulses on the surface of the' 
cerebellum in the monkey and their relation to the cortex. (Adrian.) j *' 


to the affected side, since, as we have seen, the-' cerebellar tracts 
are uncrossed. The head is commonly ' rotated to the opposite 
side. . ■ . 

These facts are no douht related to the ohseTvation that 
decerebrate rigidity is reduced by stimulation of the superior, 
pedpncle, of the anterior lobe ’or 'the roof nuclei, while lesions of 
these regions increase the rigidity, but no localised lesions of this 
kind have been described in man. 

Speech may .be similarly affected, being typically staccato in 
character or laboriously slow. There is also interference, with the 
compensating movement of the eyes, the ' production of nystagmus 
(see p. 691), and deviation of the eyek These distm’bances result not 
only from disease of the cerebellum, but, also when the paths tpland 
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from the organ have been impaired, and may be considered to 
be due to an asynergy of the muscles concerned. The normal 
mechanism of the knee-jerk is disturbed. It is less sustained than, 
normally, so that the leg appears to fall limply. The after-swing 
so produced has caused the term pendulum knee-jerk to be given to 
the response. 

Localisation of Function. — It has now been shown, especially 
by Adrian and by Dow, that in the monkey afferent impulses 
are received on definite areas of the cerebellum, as we have 
seen occurs in the parietal region of the cerebrum (see fig. 235). 
Pressure on the pad of the foot and its dorsi flexions are 
particularly efficacious in setting up nerve impulses which can be 
traced electrically to the cerebellar cortex, but tactile stimuli and 
those set up by blowing on the hairs can be similarly traced/ The 
area for the hind Umbs is represented anteriorly in the lobus centralis, 
then the forelimb and the face, especially the vibrissa of the nose 
region, further back, the lobus simplex. In each case the pontine 
fibres are represented more laterally than the fibres from the spinal 
cord. It would seem that the vermis is concerned with the trunk 
movements. The bulk of the neocerebellum’ appears to be of the 
nature of an association or silent area. As in the case of the motor 
area of the cerebrum the afferent area for the forelimb is relatively 
large. 

According to Bolk the upper surface is responsible for the thorax, neck, face, and 
arras, especially for adduction, abduction, and flexion, the lower surface controlling 
the lower part of the body, especially adduction and abduction of legs, but it now 
seems doubtful if this statement is generally* applicable to all animals. 

Recovery from Lesions. — The effects of removal vof the cere- 
bellum in animals is, however, not permanent ; indeed, dogs, in which 
the cerebellum has been removed, recover their normal gait and do 
not appear otherwise abnormal In man also, considerable degrees- 
of recovery may be seen. 

This recovery appears to be the result of other parts of the 
central nervous system, especially the cerebrum, taking over the 
functions of the cerebellum, since, if in recovered animals the 
cerebrum is now removed, the disturbance of gait returns. 

These facts emphasise the intimate relationship between the 
cerebrum and the cerebellum. They suggest, indeed, that the 
cerebellum is nob an essential organ in the sense that the move- 
ments cannot be carried out in its absence. It seems not unlikely, 
however, that by greatly facilitating co-ordination, movements may 
become very much easier, *and that thereby the cerebrum is relieved 
of some of its duties. Complicated movements become, as a result 
much more automatic than would otherwise be possible. 
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Compensating Movement of the Byes. — Of considerable 
interest and importance is' the movement of the eyes, which takes 
place automatically when /the head is moved, so that they may 
remain fixed oh an object. It may be observed in an animal whose 
cerebrum has been removed. If the head is moved, up, the eyes 
move down, and vice ve7-sa. These eye movements depend on 
impulses from the labyrinth and from the muscles. 

Similar movements may be observed in man: for instance, 
in an individual who attempts to look at passing objects from a 
rapidly moving train. The eyes appear to jump from one object to 
another. It would seem that this is a mechanism whereby duriiig 
movement objects are retained in the retina sufficiently long to be 
appreciated. By its use if we pass through a station in an express 
train we see only certain objects distinctly but the rest are a blur. 
The jump is due to the cerebrum, but the lag behind which 
permits a series of objects to be focussed depends on cerebellar 
and brain-stem reflexes. The alternation of slow and fast movements 
o f the eyes is known as '^ ^tagm'u'B~.~"'"'iA' 'similar~mystagmus^^^ 
difficulty in keeping the eyes fixed on an object held at the side of 
the head, is produced normally by heating or cooling the labyrinth, 
and is now a test for the efficiency of the latter in suspected disease. 
We have already remarked the-interference with the normal position 
and movements of the eyes in cerebellar disease. 

The Afferent Pathways of the Cerehellum. 

The cerebellum receives impulses from the spinal cord by way 
of the direct spino-cerehellar tract (Fleehsig) which -^arises from 
the cells of Clarke’s column within the grey matter of' the medial 
part of the base of the posterior horn. It does not degenerate if the 
posterior roots are cut. It lies in the dorso-lateral margin of the cord 
(see fig. 233) and passes to the cerebellum by the inferior peduncle. 

Arising from Clarke’s column also is the indirect or ventral ’ 
spino-cerehellar tract of Gowers, which reaches the cerebellum by 
way of the superior peduncle, - but some fibres go by the inferior 
peduncle. It will be observed that the cerebellar tracts do not -cross. 


The Effect of Injury to the Spinal Coed. 

The study of paths makes it evident that an injury of, or a 
tumour pressing on, the spinal cord will affect its motor, sensory 
and reflex functions. On an accurate study of the changes brought 
about wiir depend the power of the surgeon to diagnose .the exact , 
position of the lesion and possibly to treat it. It is convenient to 
consider the effects of partial and complete section of the spinal cord. 
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INJURY TO THE SPINAL' COED 


2. Loss of sensation in the saine regi 9 ns.(^*^-/r.‘/. •y-'-y -'- ' 

3, HypersestKesia at the junction ' *of^he „areaa^f normal and 

diminished or lost sensation. ‘ y, < 


4. There is dn initial period of spinal shock during which all 
reflexes are absent, and specially important is loss of control of the 
urinary bladdei'i^vhich necessitates it being emptied by means of a 
catheter, a proceeding which is very Liable to lead to fatal sepsis of 
the urinary tract? In man in about three weeks * there may be- a 
considerable recovery of the reflexes, the typical flexor tone and 
exaggerated spinal reflexes, i.e. flexor. withdrawa.!, appear (see p. 584). 
Eeflex control of the bladder may re turn, although voluntary control 
is permanently lost. DefEecation 'also takes place regularly. 

5. There 'is loss of sympathetic control of the blood-vessels and 

viscera, resulting in generalised vasodilatation and a fall of blood- 
pressure, but these become re-establislied later. In animals an 
exaggerated peristalsis may be seen. * 

6. Degeneration, ascending and descending, on both sides of the 

cord. . • ' 


I-'Hemisection. — If the operation performed is not a complete 
-cutting of the spinal cord transversely, but a cutting across of half 
the cord, it is termed hemisection. This leads to : — 


1. Loss of voluntary control of the muscles of the same side 

below the level of the section. ' _ ^ : 

2. Loss of sensation below the divided segmeht| approximately as 
follows : {a) Loss of joint and muscle sense, of sense of ..yibration, and of 
tactile discrimination, on;“the same side as the section ; (&) Loss of the 
senses of pain, heat, and cold on the side opposite to the section. The 
reason for this peculiar distribution of sensory loss is the presence 
of an inferior a,nd a superior sensory decussation ; the former occurs 
within the cord as the decussation of the spino-thalamic flbres, the 
latter in the medulla as the decussation of the fillet. 

, -N.i?5llu man these changes ’ constitute the c rossed p aral yses of 
.VjIBrown=Sdqjiard, who first 'described them. . - ^ , 

3. Unilateral vasodilatation .'below the lesion and hyperaesthesia 
of the nearest healthy skin area above* is also seen. 

4. The tendon reflexes are at first absent but subsequently become 
exaggerated on the same side as the lesion as a result of the -loss of 
the higher inhibition carried by the rubrospinal and pyramidal tracts. 

5. Degeneration, ascending and descending, largely . confined to 
the same side of the cord as the injury. . The most important ' of 
these are shown in' the preceding diagrarns (fig. 236), the small text 
beneath which should be carefully studied.' 


In cats the period of shock may be only a few minutes. 
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THE FUNCTIONS OP THE HYPOTHALAMIC REGION. 

Of recent years "a great deal of attention has been directed 
towards the region of the brain which lies just below th^e thalamus 
and above the mid-brain and the region adjacent, to the floor of the 
third ventricle, and evidence appears to he accumulating that this 
region plays an important part in the elemental reactions of the body.. 

1. Sex. — It is suggested that the hypothalamus controls the ' 
action of the pituitary in regard to sex, but the evidence on the 
point is not convincing. 

2, Emotion. — Particularly it is concerned with the reactions to 
emotion, which are only different from reflexes in that they ar e more 
complicated. 

It has also been observed by Bard that removal of the frontal 
cortex in section of the fronto-hypothalamic tracts results in a 
remarkable condition of rage being produced, e.g. snarling, clawing, 
lashing of the tail, erection of the hairs, a rise of blood pressure 
and heart-rate, and dilatation of the pupil such as might be produced 
by the injection of adrenaline. When the hypothalamus is removed 
these symptoms disappear. It is possible to place electrodes in the 
hypothalamus of an otherwise intact animal, and when the animal 
; has recovered from the anresthetic, to stimulate the region. This 
. also produces the state of rage. 

, ' The connections between the hypothalamus and the frontal lobe 
appear to be somehow concerned in the production of pathological 
mental depression in man, and patients suffering from this state 
cIiBBrnip~Tvheir~^riey are cut. Very rarely a liability to anger is 
observed after the operation. (M'Kissock.) 

Normally, like the postural reflexes, they are more or less 
inhibited by the mediation of higher centres, and it is easy to see 
' how anesthetics like alcohol may, by paralysing the higher control ■ 
centres, lead to loss of control of these lower activities. The 
liability of a partly drunk man to lose such control is well 
recognised. 

• S. Body Temperature. — There is no doubt also that the hypo- 
thalamus is concerned with the control of body temperature,- which 
control is lost if this region is removed. The region' specially 
concerned appears to be that of the .tuber cinereum : damage to it 
may result in high body temperature. As might be expected, there 
are secondary changes in metabolic rate, sweating, and in water ^ 
loss from the body. . .■ - . .-•/ v-j, '^''r 

4. Sleep.— ha’s'' already been discussed (see p'. 673)f;'' ; ‘ 

5. Eiuresis. — Damage to the hypothalamic region is associated 

■clinically with diabetes insipidus, with emaciation, and with 
Frohlich’s syndrome (see Pituitary). < 
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■ 6. Electrical stimulation of the posterior and lateral nuclei 
produces sympathetic effects like cardiac acceleration and- inhibition 
of the gut, while stimulation'of the mid-line nuclei causes opposite 
effects. jj^Some have supposed that this, indicates that the hypo- 
thalamus “has some special relation to the autonomic nervous 
system, hut many of these effects can equally well be produced by 
stimulation of the cerebral cortex (Fulton)^^ 


. THE FUNCTION OF THE BASAL GANGLIA. 

The difficulty of removing the basal ganglia such as the caudate or 
lenticular nuclei (see fig. 229), which are large masses of grey matter,- 
has made it difficult to obtain information regarding .their function. 
Evidence has, however, accumulated to indicate that ‘disease of the’ 
lenticular nucleus produces motor disturbance of the face fesernbling; 
laughter, increased reflexes and muscle tone, and* in the condition of; 
paralysis agitans or Shaking palsy, which is characterised by great 
tremor of the hands or head, degeneration of the corpus striatum 
has been, found post-mortem. It would seem, then, that the 
region of the basal ganglia probably controls some of the primitive 
movements. 

A study has been made, especially by Eulton and his co-workers, 
of the connections of the basal ganglia. The evidence is very 
complete that they receive flbres and presumably impulses from 
the area in front of the motor area, especially an area (Brodmanh’s 
Area 6) in front of the arm area, the structure of which is the 
same as that of the motor area, hut which has no Betz cells. -From 
the basal ganglia flbres pass to ' the red nucleus and substantia 
nigra. Eemoval of the cortical area produces a typical spastic 
paralysis like a decerebrate rigidity. (Wilson.) 


A SUMMARY OF THE FUNCTIONS OF THE 
CENTRAL NERVOUS SYSTEM. 

We are now in a position to get a complete picture of the 
functions of the nervous system as a whole. As we have said, 
throughout the animal kingdom it exists for the purpose of_regulating_, 
the internal^ mechanis m of the bod y, and. Jor..adapting-the-ao^vities 
of~TEe" bo~dv~~as~E~“w 1iole to its environment. As we ascend the 
zoological scale 'tlie’amrnai’s become increasingly capable of adapting 
themselves to different kinds of environment; and this very largely 
because .of their greater capability of locomotion, which in a sense 
may he considered the index of evolution, and it will' be seen that 
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the nervous system is developed largely according to locomotory 
requirements. 

A simple animal, such as a jelly-fish, which does not move 
much from place to place, has a nervous system capable only of 
protecting itself. It has a nerve net in which the essential elements 
of a simple reflex arc are found — that is, afferent fibres, central cells 
and efferent fibres. 

Slightly higher animals, e.g, worms, which move but slightly 
moire, have a central chain of ganglia; each ganglion looks after a 
segment, but there is co-operation between the ganglia for the 
protection of the whole. This is the basal function of the spinal 
cord and brain-stem of mammals. 

As the animal becomes still more mobile it requires some 
arrangement for a greater supply of oxygen and fuel and there are 
developed the 'medulla and pons in winch are situated the centres 
concerned with the control of the respiration and circulation. In 
addition, the facility of digestion is increased by the vagal activity 
controlling swallowing and secretion and alimentary movements. 
With this increased facility is necessitated a power of vomiting for 
protection against noxious substances swallowed. 

With still greater mobility conferred by the acquisition of legs 
are developed the postural reflexes controlled from the upper part 
of the medulla to the mid-brain and greater co-ordination is 
provided by the development of the* cerebellum in close association. 
In animals which move in three planes this organ is most pronounced. 

Higher still in the hypothalamus we find centres which confer 
adaptation to variabilities of temperature and all the advantages 
of rapid chemical action wliich the warm-blooded animal possesses. 
Tins region may indeed be considered the head-region of the 
primitive system wliich has for its function the preservation of 
the individual and his species in so far that evidence is increasing 
that reproduction also is controlled from this region and the 
associated pituitary body which also controls growth. Here appear 
to be located the more violent reacti ons t o_ environment., 

Finally, we have“The cerebrum which relates past to present 
experience and which permits of calculated adaptation to still 
more complicated environments and supplying by means of modern 
mechanical transport and communication stiU greater mobility of 
body and of thought. 

Fig. 185 on p, 575 of the brains of different animals may now 
be restudied, and it will be seen how their structure is related to 
function. 

As regards slower reactions the ductless glands furnish still, 
further adaptations, the pituitary body, those of the species, that 
is, growth and reproduction, and the latter is the needs of the 
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species not of. the individual; the thyroid, those of .the day, that 
is metabolic control; and the adrenals, those of the, minute, the 
adaptation necessary for movements. 

Thus we find as we ascend that the influence of the individual 
on the environment becomes increasingly greater. At one end 
of the scale there is the creature which dies when there is any 
appreciable environmental change; at the othei’, man, who, -while 
capable of greater adaptation than the lower animals, is at the 
same time beyond them in being the creator and master of a 
large amount of his emdropment. (Kanson, 1937.) ' 
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THE NUTRITION OF THE CENTRAL NERVOUS SYSTEM 

The local peculiarities of the circulation through the brain have 
already been described. Nowhere else in the body is the maintenance 
of an adequate blood-supply more important than in the central 
nervous system. Deprivation of the arterial blood-supply leads to 
irrecoverable death of the cortical nerve-cells in eight minutes; 
the cells of the spinal cord are somewhat more resistant (forty-five 
to sixty minutes); temporary interference with blood-supply * to 
the cortex causes fainting, whilst anaemia of the bulb is soon 
fatal- The stage of depression or coma caused by anoxaemia 
(due to asphyxia or cerebral anaemia) is frequently ^preceded by a 
stage of excitation evidenced by convulsions. If the circulation is 
restored in time recovery of function occurs in the following order: 
(1) respiratory reflexes; (2) spinal reflexes; (3) cerebral function. 
For normal nervous activity to be maintained the blood must also 
have the correct chemical composition ; for example, if the percentage 
of sugar falls below 0-04 per cent., coma ensues, preceded in animals 
by convulsions (see Hypoglycsemia, p. 477). A rise in intracranial 
pressure, by stimulating the vasomotor centre, evokes a marked 
rise of arterial blood-pressure. Since a raised intracranial pressure, 
due to a foreign body such as blood-clot, implies a corresponding 
diminution in the amount of blood in the cranial chamber, it is 
apparent that the rise in arterial pressure is in a sense protective, 
as it causes an increased blood-flow through the brain. The brain 
so adapts the circulation that it secures for itself the optimal blood-' 
supply. In disease, however, the mechanism may no longer act 
beneficially ; thus in the case of cerebral haemorrhage the rise in the 
blood-pressure tends to cause greater bleeding. 

j^.The Cerebrospinal Fluid. 

Whilst the exact role which the cerebrospinal fluid plays in 
connection wdth the nutrition of the nerve-tissue is uncertain, it is 
conveniently discussed here. 

The cerebrospinal fluid is a watery fluid (specific gravity about 
1005) which is found in the ventricles of the brain and in the 
cerebrospinal subarachnoid spaces. The fluid is formed by the 
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choroid plexuses which project into the ventricles; it escapes into 
the subarachnoid space through the foramina -in the. roof of the_ 
fourth ventricle (foramen of Magendie and foramina of Luschlca).' 
A choroid plexus is a much-folded process of the pia mater, rich in 
blood-vessels ; the ventricular aspect of the tufts is covered by 
ependyma modified to form a glandular epithelium, i.e., the cells are 
not ciliated, are cuboidal, and often contain vacuoles. The proof that 
' the plexus forms the fluid is threefold : (1) there are histological 
changes (swelling of the cells, etc.) after excessive formation of 
cerebrospinal fluid; (2) when the exit from a ventricle, e.g. the 
foramen of 'Monro, is blocked,' the ventricle distends ; if previously 
the choroid plexus of the ventricle is removed no distension occurs 
(Dandy and Blackfan) ; and (3) fluid has been seen exuding from the 
surface of an exposed plexus. 

The total quantity of the cerebrospinal fluid in man is perhaps 
about 150 c.c. Normally it is being slowly forrned and absorbed. 
The chief absorption occurs after tlm fluid has left the ventricles, ie. 
while it is in the subarachnoid space, and takes place mainly into 
the blood-stream. A smaller fraction is absorbed into the .perineural 
lymphatics of the cranial and spinal nerves. The exact path of 
absorption into the blood-vessels is, according to 'Weed, through the 
arachnoidal villi which project as blind processes of the arachnoid 
into the sinuses of the dura mater, especially the superior longi- 
tudinal. In later life the arachnoidal viUi hypertrophy to form the 
Pacchionian bodies. 

The cerebrospinal fluid exerts a certain pressure, about .120 mm. 
of water, so that when a cannula is inserted into the cisterna magna 
through the occipito-atlantal ligament or into the lumbar sac the 
fluid escapes freely at first, afterwards more slowly, till finally the 
flow practically ceases. 

The fluid contains the crystalloid constituents of the blood- 
plasma; the chlorides are normally about 0’74 per cent. Glucose 
(0'09 per cent.), urea and creatinine are present in small amounts, 
together with a trace of protein (0'02 per cent.). The gases resemble 
those-of lymph, but the proportion of carbon dioxide which is “ fixed,” 
i.e., which cannot be removed by ebullition in vacuo without, addition 
of acid, is greater than in lymph, which contaibs more protein. 

The fluid obtained by cistern, or lumbar, puncture is said to be 
slightly richer in protein than that which fills the ventricles ; for 
tins and other reasons it is generally believed that there is added to 
the subarachnoid fluid a certain amount of fluid coming from the 
tissue of the brain and spinal cord via the perivascular spaces. The 
latter are inward prolongations of the subarachnoid space along the 
vessels which enter the brain at right angles, and coirimunicate with 
the perineuronal spaces around the nerve-cells. 
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In health the cerebrospinal fluid contains but few cells (lympho- 
cytes) ; the normal maximum rarely exceeds 5 per cubic millimetre. 
In meningitis the number of ceUs is enormously increased. The few 
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Tig. 237.— showing by means of arrows the origin and destination of the cerebrospinal fluid# 
The diagram is really of a medial section of the brain except that one lateral Ventricle is shown. 


cells normally present are supposed to be derived from the meningeal 
vessels. 

The functions of this remarkable fluid are not by any means 
settled. It obviously affords mechanical protection to the central 
nervous system, and apparently receives such waste products from 
the central nervous system as are not absorbed by the blood-stream. 
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Por a detailed deseriptibn of the larynx, reference should be 
made to a text-hook of Anatomy. It is composed of the thyroid 
cartilage, the prominence in front .of which constitutes Adam’s 
apple, the cricoid cartilage and the two arytenoids, together with 
several minor cartilages. These are all held together and to the 
neighbouring structures by fibrous tissue and muscle. 

Mucous Membrane. — The larynx is lined ^vith a raucous membrane 
continuous with that of tlie trachea; this is covered with ciliated epithelium 
except over the vocal cords and epiglottis, where it is stratified. The vocal cords 
are bands of elastic tissue in this mucous membrane which run from before back. 
They are continuous below with the conus elasticus, and are attached as stated 
above. The chink between them is called the Hma glottidis (see fig. 240). Two 
ridges of mucous membrane above and parallel to 
these are called the false vocal cords ; between tlie 
true and false vocal cord on each side is a recess 
called tlie ventricle. 

The laryngoscope is an instrument employed in 
investigating during life tlie condition of the pharynx, 
larynx, and trachea. . It consists of a large concave 
mirror with perforated centre, and of a smaller mirror 
fixed in a long handle. The patient is placed in a 
chair, a good electric light is arranged on one side 
of, and a little above, his head. The operator fixes 
the large mirror to his head in such a manner that he 
. looks through the central aperture ^vith one eye. He 
then seats himself opposite the patient, and so alters 
the position of the mirror, which is for this purpose 
provided wiUi a ball-and-socket joint, that a beam of 
light is reflected on the lips of the patient. 

The patient is now directed to throw his head 
/slightly backwards, and to open his mouth; the 
reflection from the mirror lights up the cavity of the 
mouth, and by a little alteration of the distance 
between the operator and the patient the point at 
which the jgreatest amount of light is reflected by 
the mirror — in other words, its focal length — is readily 
discovered.' The small mirror fixed in the handle is 
then warmed, either by holding it over the lamp, or 
by putting it into a vessel of warm water ; this is 
necessary to prevent the condensation of breath upon 
its surface. The degree of heat is regulated by 
applying the back of the mirror to the hand or cheek, 
when it should feel warm without beitig painful. 

After these preliminaries the patient is directed to put out his tongue, which is 
held by the left hand gently but firmly against the lower teeth by means of a 
handkerchief. The warm mirror is passed to the back of the mouth, until it reste 
upon and slightly raises the base of the uvula, and at the same time the light is 
directed tmon it ; an inverted image of the larynx and trachea will be seen in the 
mirror, if the dorsum of the tongue is alone seen, the handle of the mirror must 
be slightly lowered until the larynx comes into view ; care should be taken, how- 
ever, not to move the mirror upon the uvula, as it excites retching. The observar 
tion should not be prolonged, but should rather be repeated at short intervals. 

The structures seen will vary,’ according to the condition of the parts, during 
inspiration, expiration, phonation, etc. ; they are (fig. 241) first, and apparently 
at the posterior part, the base of the tongue^ immediately below which is the arcuate 



Fio. 240. — Diagram to illustrate 
tlio method of observing the 
larynx. The illuminatio)! may 
bo from a forehead lamp or a 
lamp in the handle of the 
mirror. L, larynx ; T, ton^o ; 
HP, hard palate ; SP, soft 
palate. The arrows dedicate a 
reflected beam of light from the 
laiynx. 


outline of the epiglottis^ with its cushion or tubercle. Then are seen 
central line the true vocal cords, white and shining in their normal condition. 
The cords approximate (in the inverted image) posteriorly ; between them is 

Z 



left a chink, narro^v whilst a high note is being sung, wide during a deep 
inspiration. On each side of the true vocal cords, and on a higher level, are 
the pink false vocal cords. Still more externally than the false vocal cords 
is the aryteno-epiglottldean fold, in which are situated on each side two small 
elevations ; of these the most external is the cartilage of lYrisherg^ the inner 
is the cartilage of Santorini. The rings of the trachea^ and even the bifurcation of 
the trachea iLseli, if the patient be directed to draw a deep breath, may be seen in 
the interval between the true vocal cords. 



Fio. 241.— Three laryngoscopic views of the superior aperture of the larynx and surrounding parts. 
A, the glottis during the emission of a high note in singing; B, in easy and quiet inhalation of 
air ; C, in the state of widest possible dilatation, as in inhaling a very deep breath. The diagrams 
A', B', C', show in horizontal sections of the glottis the position of the vocal corda and aryte- 
noid cartilages in the three several states represented in the other figures. In all the figures so far 
as marked, the letters indicate the parts as follows, viz. : I, the base of the tongue; e, tbe upper 
free part of the epi^ottis ; c', the tubercle of the epiglottis ; part of tbe anterior %vall of the 
pharynx behind the larynx; in tbe margin of the aryteno 'epiglottidean fold, -w, the swelling of the 
membrane caused by the cartilages of Wrisberg; s, that of the cartilages of ^ntorini ; a, the tip or 
summit of the arytenoid cartilages ; c v, the true vocal cords or lips of the rima glottidis ; evs, the 
superior or false vocal cords ; wtween them the ventricle of the larynx ; in C, tr is placed on the 
anterior wall of the receding trachea, and b indicates the commencement of the two bronchi beyond 
the bifurcation which may be brought into view in this state of extreme dilatation. (Quain, after 
Czennak.) 


Movements of the Vocal Cords, 

In Respiration . — The position of the vocal cords in ordinary 
tranquil breatliing is so adapted by the muscles, that the_.^pBiiing 
of _the ...glottis is wide- and triangular (fig. 241, b). The glottis 
may remain unaltered during ordinary quiet breatliing, though in 
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some people it becomes aJittle_wider_at.eachjjQspiratipn,jLnd .a little 
•jian'ower~at_each„expii’atioii. In the cadaveric position .the glottis 
has about ^If the width it has during ordinary breathing; during 
life, therefore, except during vocalisation, the abductors, of .the vocal 




(fig. 241, c) and somewhat lozenge-shaped. 

In Vocalisation . — ^At the moment of the emission of a note the 
chink is narrowed, the margins of the arytenoid cartilages being 
brought into contact, and the edges of the vocal cords approximated 
and made parallel (fig. 241, a); ^t._the_s^e tiine__their,.alasticit'y 
isjiegulated by-con traction-'of- the" thyro-arytenoid muscles. As the 
pitch of the note increases it is probable that the degree of contraction 
— and with it the elasticity — of the 
thyro-arytenoid muscles becomes greater, 
and the range of a voice depends, in the 
^main, .onlthe .extent to .which. the..degree 
of' elasticity of the vo cal cords can be 
thus -altered; — In the production of a 
high note the vocal cords are brought 
weU within sight. In the utterance 
of low-pitched tones, on the other hand, 
the epiglottis appears to be brought over 
them, and the arytenoid cartilages look 
as if they, were trying to hide themselves 
under it (fig. 242). ' 

The approximation of the vocal cords also usually corresponds 
. with the height of the note produced ; but- the — •width-of- the 
aperture has no influence .on the pitch of the note, as. long 
as the vocal .cord s hav e th e same t ension; only with a wide 
aperture the tone is more difficult to produce and is less perfect, 
the rushing of the air through the aperture being heard at the 
same time. 

No true vocal sound is produced at the posterior part of the | 
aperture of the glottis, namely, that which is formed by the space | 
between the arytenoid cartilages (pars intercartilaginea). . ' 


Fig. 242.— View of the upper part of the 
larynx as seen by means of the laryngo- 
' scope during the utterance of a bass 
note, e, Epiglottis ; s, tubercles of the 
cartilages of Wrisborg; a, cartilages 
of Santorini ; r, base of the tongue ; 
p7i, the posterior wall of the pharynx. 
(Czormak.) 


The Voice. 

The human musical instrument^ is often compared to a reed 
organ-pipe : certainly the notes produced by such pipes in the vox 
hiimana stop of organs is very like the human voice. JSere the re i s 
But only the vibration of a column of am, but also of ag reed, ..wl^h 
" coffespo5d3n}0 }lie"TOc"a05Fc^ composed of the 

teachea and the bronchial system beneath it. The pharynx, mouth. 
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and nasal cavities above the glottis are resonating cavities, which, by 
alterations in their shape and size, are aSle to pick out and emphasise 
certain component parts of the sounds produced in the larynx. The 
natural-J\:oice^is .often called c]i^d.JVoic6. The falsetto voice is 
differently explained by different observers ; on laryngoscopic 
examination, the glottis is found to be blown open ; it is probable 
that only the inner fibres of the thyro-arytenoid muscle are in 
contraction. 

Musical sounds differ from one another in three ways : — 

1. In pitch . — This depends on the rate of vibration ; ^ and in 
a string, the pitch increases with the tension, and diminishes with 
the length of the string. The vocal cords of a woman are shorter 
thanJhose of a man, hence the higher pitched voice of women. The* 
average length of the female cord is 11*5 millimetres*; this' can be 
stretched to 14; the male cord averages 15*5, and can' be stretched 
to 19*5 millimetres. 

2. In loudness . — This depends on the amplitude of the vibrations, 

and is increased by the forc^of the expiratory blast „which. sets the 
cords im^motion. ^ 

3. In '^tivibrel — This is the difference of character which dis- 
tinguishes one voice, or one musical instrument, from another. It 
is due to adggjgtur e of th e primary vibrations with secondary vibra- 

..ti ons o r_Qvertones. The range of" the ^voiee“"is'^seldom7~except in 
celebrated singers, more than twp::ancha-half octaves, and for different* 
voices this is in different parfTof the musical scale. 

Eecords may now be taken of the voice with accuracy as in the 
making of gramophone records, but the magnification required is 
such that they do not lend themselves readily to reproduction here. 


Vocal Speech. 

Speech is due to the mni^fication produced in th e fund amental 
.laryngeal notes , by the3.esj3natiQg ^cavi tie s ^ove the. _vocal . cords. 
By modifying the size and shape of the pharynx, mouth, and nose, 
certain overtones or harmonics are picked out and exaggerated : this 
f gives lis "'the^vowel so unds the consonants are produced by inter- 
]‘“'''rupti:onB,‘nnore’or'les's ‘complete, of the outflowing air in different 
\ situations. AVhen the larynx is passive, and the resonating cavities . 
' alone come into play, we get whispering. 

The pitch of the Vowels has been estimated musically ; u has the lowest pitch, 
then o, a (as in father), (a as in cane), i, and e. We may give a few examples* of 
the shape of the resonating cavities in pronouncing vowel sounds, and producing 
their characteristic timbre : when sounding a (in father) the mouth has the shape of 
a funnel wide in front ; the tongue lies on the floor of the mouth ; the lips are wide 
open ; the soft palate is moderately and the larynx slightly raised. 

In pronouncing « (oo), the cavity of the mouth is shaped like a capacious flask 
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with a short narrow neck. The whole resonating cavity is .then longest, the lips 
being protruded as far os possible ; the larynx is depressed and the root of the 
tongue approaches the fauces. 

In pronouncing o, the neck of the flask is shorter and wider, the lips being 
nearer the teeth ; the .larynx is slightly higher than in sounding oo. 

In pronouncing the flask is a small one -with a long narrow neck. The 
/resonating chamber is then shortest as the larynx is raised as much as possible, 
' and the raoutli is bounded by the teeth, the lips being retracted; the approach of 
the tongue near the hard palate makes the long neck of the flask. 

The Consonants are produced by a more or less complete closure of certain 
doors on the course of tiie outgoing blast If the closure is complete, and the blast 
suddenly opens tlie door, tlie result is an explosive ; if the door is partly closed, and 
the air rushes with a hiss through it, the result is an aspirate ; if the door is nearly 
closed arid its margins are thrown into, vibration, the result is a vibrative ; if the 
mouth is closed, and tlie sound has to find its way out through the nose, .the result 
is a resonant. 

These doors are four in number ; Briicke called them the articulation positions. 
They are — 

1. Between the lips. 

2. Bebveen the tongue and hard palate. 

3. Between tlie tongue and soft palate. 

4. Between tlie vocal cords. ^ • 


Tlie following table classifies the principal consonants according to this 
plan : — 


Articulation 

position. 

1 

2 

3 

4 


Explosives. Aspirates. 

B, P. F, V, W. 

T, D. S, Z, L, Sch, Til, 
K, G. . J, Ch. 

H. 


Vibratives, Kesonants. 

M. 

R. N. 

Palatal R. Ng. 

R df lower Saxon \ ... 


The introduction of the phonograph has furnished us 'with an instrument which 
it is hoped in the future will enable us to state more accurately than has hitherto 
been possible the meaning of the changes in nature and intensity of the complex 
vibrations which constitute speech. (Fletcher, 1929 ; Curry, 1939.) 
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TASTE AND SMELL 

Taste 

The crude anatomy of the tongue may be conveniently studied by 
means of a mirror in which the larger papilla may be seen at the 
back of the organ. 

Tlio tongue is a muscular organ covered by mucous membrane.' 
Tliis membrane resembles other mucous' membranes in essential 
points, but contains papillce peculiar to itself. The tongue is also 
beset with mucous glands and lymphoid nodules. 

The \mg\xdl papillce are thickly set over the anterior two-thirds 
of its upper surface, or dorsum^ and give to it its characteristic 
roughness. Three principal varieties may be distinguished, namely, 
the (1) cirmmvallate, the (2) fungiform^ and the (3) conical and 
filiform papillae. They are all formed by a projection of the 
corium of the mucous membrane, covered by stratified epithelium ; 
they contain special branches of blood-vessels and nerves. The 
corium in each fand is studded by microscopic papillae. 

(1) Gircumvallatc, — These large papillae, eight or ten in number, 
are situate in a V"Shaped line at the base of the tongue. They are 
circular elevations, from ^th to i^th of an inch wide (1 to 2 mm.), 
each with a slight central depression, and surrounded by a circular 
moat, at the outside of which again is a slightly elevated ring or 
rampart; their walls contain taste-buds. Into the moat that 
surrounds the central tower a few Little glands {glands of Elmer) 
open. These glands form a thin, watery secretion. 

(2) Fungiform. — The smaller fun^orm papillae are scattered 
chiefly over the sides and tip, and sparingly over the middle of the 
dorsum, of the tongue ; their name is derived from their being shaped 
like a puff-ball fungus. 

(3) Conical and Filiform. — These, which are the most abundant 
papillae, are scattered over the whole upper surface of the tongue, 
but especially over the middle of the dorsum. They vary in shape, 
some being conical (simple or compound) and others filiform; they 
are covered by a thick layer of epithelium, which is either arranged 
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over them, in an imbricated manner, or is prolonged from their 
surface in the form of fine stiff projections in man. In carnivora 
they are developed, into horny spines. .These papillre have a 
mechanical and tactile fmaction, rather than one of taste ; the latter 
sense is seated especially iu the other two varieties of papillte, the 
cirtyumHallaic and fungiform. 

In the circumvallate papillm of the tongue of man peculiar 
structures known as taste-buds are found. They are of an oval 
shape, and consist of a number of closely packed, very narrow 
and fusiform, cells (gustatory cells). Tiiis central core of gustatory 
cells is enclosed m a single layer of broader fusiform cells (encasing 
cells). The gustatory cells terminate in fine stiff spikes which 
project on the free surface.. 

Taste -buds are also scattered over the posterior third of the 
tongue, the palate and the pharynx, as low as the posterior (laryngeal) 
surface of the epiglottis. The gustatory cells in the interior of the 
taste-buds are surrounded by arborisations of nerve-fibres. 

The arrangement of papillns, taste-buds, etc., varies a good deal in diiferent 
animals. TJie papilla foliata of tlie rabbit’s tongue consists of a number of closely 
packed papillm very similar to the circumvallate papillae of man; this forms a 
convenient source for the histological demonstration of taste-buds. 

The middle of the dorsum of the tongue is but feebly endowed 
with the sense of taste ; the . tip and margins, and especially the 
posterior third of the dorsum (i.c., in the region of the taste-buds), 
possess this faculty. The anterior part of the. tongue is supplied 
by the chorda tjunpani, which runs with the lingual branch of. the 
fifth nerve and the posterior tMrd by the glosso-pharyngeal nerve. 
The lingiial nerve is the nerve of general sensation of the tongue. 
The taste fibres from the anterior two-thirds of the tongue run 
in the lingual branch of the fifth nerve, leave it to enter the chorda 
tympani, and join the facial (seventh nerve).- Their cells of origin 
lie in the geniculate ganglion of .the facial. The central axons go 
in the pars intermedia to end in the upper end of the nucleus 
sdlitarius. The taste fibres from the posterior third of the tongue 
pass in the glosso-pharyngeal nerve; their parent cells are in the 
petrous ganglion and their central axons constitute the main part of 
the fasciculus solitarius. The taste nuclei in the brain stem are 
interconnected, and relay fibres eventually reach the cerebrum in 
the region of the uncus. 

'" Tastes may he classified into — 

1. Sweet. • ■ 2. Bitter. 

3. Acid or Sour. 4. Salt. 

Whether alkaline and metallic tastes are elementary is as yet 
undecided. All the above affect to a varying extent t.he nerves of 
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tactile sense as well as those of touch proper, sweet having the least, 
acids the most marked action upon the latter. ^ Sweet tastes are best 
appreciated by the tip, acid at the side, and bitter tastes at the 
back of the tongue. 

The substance to be tasted must be dissolved; here there is a 
striking contrast to the sense of smell; flavours are really odours. 
In testing the sense of taste in a patient, the tongue should be 
protruded, and drops of the substance to be tasted applied .with 
a camel's hair brush to the different parts; the subject of the 
experiment must signify his sensations by signs, for if he with- 
draws the tongue to speak, the material gets widely spread. The 
more concentrated the solution, and the larger the surface acted or . 
the more intense is the taste; some tastes are perceived more 
rapidly than others, saline tastes the most rapidly of all. The best • 
temperature of the substance to be tasted is from 10° to 35° C. 
Very high or very low temperatures deaden the sense. 

Individual papilla, when thus treated with various solutions, show 
great diversity : from some only one or two tastes can be evoked, from 
others all four. The papUte may also be stimulated electrically. 

Cocaine and gymnemic acid, prepared from the leaves of the 
plant Gymnema Sylvestre, act deleteriously, chiefly on the bitter 
and sweet tastes ; cocaine abolishes especially the bitter, gymnemic 
acid especially the sweet, leaving the salt and acid tastes almost 
im touched. 

It will thus be seen that there are many facts pointing to the 
conclusion that the varieties of gustatory, like those of cutaneous 
sensation, are due to the stimulation of different end-organs. 

VTien diluted sw^eet and salt solutions are simultaneously 
applied to the tongue, they tend to neutralise one another, but 
a true indifferent point is difiicult or impossible to reach. Sweet 
and bitter, sweet and acid liquids are antagonistic to a similar but 
less perfect extent. Contrast-effects of one taste upon another are 
matters of common observation, but can be experimentally investigated 
only with diflSculty. 

Smell. 

The entrance to the nasal cavity is lined with a mucous 
membrane closely resembling the skin. The greater part'^ of the 
rest of the cavity is lined with ciliated epithelium; the corium is 
thick and contains numerous mucous glands. The olfactory region 
in man is limited to a portion of the membrane covering the upper 
turbinal bone, and the adjacent portion of the nasal septum ; it is 
only 245 square millimetres in area. The cells in the epithelium 
here are of several kinds: — first, columnar cells not ciliated (fig. 
243a), with the broad end at the surface, and below tapering into 
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an irregular branclied process or processes, the terminations of which 
pass into the next layer : the second kind of cell (fig. 243) consists 
of a small cell body with largo spherical nucleus, situated, between 
the ends of the first land of cell, and sending upwards a process to 
the surface between the cells of the first kind, and from the other 
pole of the nucleus a process towards the corium. The latter process 
is very delicate, and may be varicose. The upper process is prolonged 
beyond the surface, where it becomes stiff, and in some animals, 
such as the frog, is provided with hairs.. These cells, which are 
.called olfactorial colls, are numerous, and the nuclei of the cells not 
being on the same level, a comparatively thick nuclear layer is the 



Fio. ^43.— Nervous meclianism of the olfactory apparatus. A, bipolar cells of the olfactory apparatus 
(Max Schultzo's olfactorial colls); B, olfactory glomeruli; C, mitral colls; D, granule of white 
ayer; E, external root of the olfactory tract; F, grey matter of the sphenoidal region of the 
cortex; d, small cell of the mitral layer; 6, basket of a glomerulus; c, spiny basket of a granule; 

collateral of the axis-cylinder process of a mitral cell ; /, collaterals terminating in the outer 
fibre layer of tbe olfactory cortex (arcbipallium); p, superficial triangular cells of the cortex; 
hi supporting epithelium cells of the olfacterj' mucous membrane. (Kamon y Cajal.) 


result. They are in reality bipolar nei’ve-cells. In the corium are a 
number of . serous glands called Bowman’s glands. They open upon 
the surface by fine ducts passing up between the epithelium cells. 

The distribution of the olfactory nerves which penetrate the 
cribriform plate of the ethmoid bone and pass from tlais region to 
the olfactory bulb is shown in fig. 243. The nerve-fibres are the 
central axons of the bipolar nerve-cells we have termed olfactorial ; 
the columnar cells between these act as supports to them. 

The olfactory bulb has a more compli cated structure ; above -there - 
is first a continuation of the olfactory tract (white fibres enclosing 
neuroglia); below this four layers are distinguishable; they are 
shown in the accompanying diagram from Eamdn y Cajal’s work, the 
histological method used being Golgi’s. 
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(1) A layer of white fibres containiiig ntunerous small cells, or 
granules^' (d). 

(2) A layer of large nerve-cells called ''mitral cells'* (o), with 
smaller cells (a) mix ed with them. The axons of the mitral cells 
pass up into the layer above and eventually become fibres of the 
olfactory tract E, which passes to the grey matter of the base of the 
brain F. They give ofi* numerous collaterals on the way 

(3) The layer of olfactory glomeruli (b). Each glomerulus is a 
basket-work of fibrils derived on the one hand from the terminal 
arborisations of the mitral cells, and on the other from similar 
arborisations of the non-medullated fibres which form the next 
layer. 

(4) The layer of olfactory nerve-fihres, — These are non-medullated ; 
they continue upwards the bipolar olfactory cells, which are placed 
among the epithelial cells of the mucous membrane. 

The fibres from the olfactory mucous membrane pass through the 
cribriform plate at the base of the skull to end round cells in the 
olfactory bulb, which in animals which depend on smell is very 
welTTleveloped. A new relay arises here constituting the olfactory 
tract. 

The olfactory tract is an outgrowth of the brain, which is 
originally hollow, and remains so in many animals; in man the 
ca\’ity is obliterated, and the centre is occupied by neuroglia: 
outside this the white fibres he, and a thin superficial layer of 
neuroglia covers these. The two white “ roots ” of the olfactory tract ♦ 
have been traced to the imcinate gyrus and hippocampal regions of 
the same side of the brain, which is the portion experimentally 
found to be associated with the reception of olfactory impulses. 
From the cells of the grey matter here fibres pass by a complex 
path to the corresponding regions of the opposite side. There is 
■ also a communication via the fornix and corpora mammillaria with 
the thalamus and tegmentuni of the mid-brain. 

Animals may be divided into three classes : — those which, like the 
porpoise, have no sense of smell {anosmatic) ; those which possess it in 
comparatively feeble degree (man, most primates, monotremes, and 
some cetacea) ; these are called microsmatic. In man the thickness' 
of the olfactory membrane is only 0*06 mm. Most mammals are in 
contradistinction macrosmatic, the thickness of the membrane being 
0*1 mm. or more, and its area larger. 

The mucous membrane must be neither too dry nor too moist ; if 
we have a cold we are unable to smell odours or appreciate flavours 
(which are really odours). When liquids are poured into the nose, 
their smell is imperceptible, as they damage the olfactory epithelium, 
owing to the difference of osmotic pressure. But even if a '' normal ” 
saline solution of an odorous substance is substituted, the sense of 
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sHiell is still lost so long as air-bubbles are carefully excluded from 
the nasal cavity. It is therefore necessary that odorous substances 
should be in a gaseous state in order to act uiDon the olfactory 
nerve-endings ; they are normally conveyed to the olfactory surface 
by the air currents passing throxigh the nose. • " 

Generally, the odours of homologous series of compounds increase 
in intensity with increase of molecular weight, but bodies of very low 
molecular weight are odourless, while vapours of very high molecular 
weight, which escape and diffuse slowly, have little or no §mell. A slight 
change in chemical constitution may produce marked alteration in 
the character of the odour of a substance ; certain modes of atomic 
grouping within the molecule appear to be more odoriferous than 
others. Attempts have been made to discover the elementary sensa- 
tions of smell, but hitherto with scant success. Many odours have 
unquestionably a complex physiological effect. For example, when 
nitrobenzol is held before the nose, it yields first the smell of 
heliotrope, next the smell of bitter almonds, and finally the smell 
of benzene; just as if different end-organs became Successively 
fatigued. Some substances have a very different smeU; according 
to their concentration. Chemical dissociation, too, unquestionably 
plays a prominent part. 

Nevertheless, tW'e are certain observations which indicate the 
existence of primary sensations of smell. First, some persons are 
congenitally insensible to one or more odours, but yet smell others 
quite normally. Hydrocyanic acid, mignonette, violet, . vanilla, 
benzoin, are substances wliich appear to certain people to have no 
smeU. Secondly, some odorous bodies, when simultaneously given, 
antagonise one another; others produce a mixed smOll. Thirdly, 
fatigue of the epithelium with one odour will modify or abolish the 
effect of some smells, but will leave that of others untouched. 

The debcacy of the sense of smell is most remarkable even in man. 
Valentin calculated that even looiooo ^ oo ^ grain of musk can be dis- 
tinctly smelt. Solutions of camphor afford a good means of testing 
olfactory acuity. Two tubes of camphor solution are presented to the 
subject along with two tubes of water, and the former pair is replaced 
with weaker and weaker solutions until it is indistinguishable from 
the tubes containing water. Pungent substances, such as ammonia, 
are unsuited for olfactometrical experiment. They stimulate the 
endings of the fifth (trigeminal) as well as those of the olfactory 
nerve. (Parker, 1922.) . • 
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Anatomy of the Ear 

The Organ of Hearing is divided into three parts, (1) the external, 
(2) the middle, and (3) the internal ear. 

External Ear. — The external ear consists of the pinna and 
the external auditory meatus. The central hollow of the former is 
named the concha. The auditory meatus, with a slight arch directed 
upwards, passes inwards and a little forwards to the membrana 
tympani, tg which it thus serves to convey the vibrating air. ' 

Middle Ear or Tympanum. — The middle ear, or tympanum or' 
drum (fig. 244), is separated by the memirama tympani ixom 
external auditory meatus. It is a cavity, the only opening of 
which to the external air is through the Eustachian tube (E.T., 
fig. 244). The walls of the tympanum are osseous, except where 
apertures in them .are closed with membrane, as at the fenestra 
rotunda and fenestra ovalis, and at the outer part where the bone 
is replaced by the membrana tympani. Its cavity is lined’ with 
mucous membrane, which is continuous through the Eustachian tube 
with that of the pharynx. A chain of small bones extends „from 
the membrana tympani to the fenestra ovalis. 

The menibrana tympani is placed in a slanting direction at the 
bottom’ of the external auditory canal, and consists of fibres, some 
running radially, some circularly; its margin is set in a bony groove; 
its outer surface is covered ■with a continuation of the cutaneous 
lining of the auditory canal, its inner surface "with the mucous 
membrane of the tympanum. 

• The ossicles are three in number; named , malleus, incus, and 
stapes. The malleus, or hammer-bone, has a long slightly-curved 
process, called its handle, which is inserted vertically between the 
layers of the membrana tympani The head of the malleus is 
irregularly rounded ; its neck, or the line of boundary between the 
head and the handle, supports two processes: a short conical one, 
and a slender one {processus gracilis), which extends 'forwards, 'and is 
attached to the waU of the cavity at the Glaserian fissure. The 
incus, or anvil-bone, shaped like a bicuspid 'molar tooth, is articulated 
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by its broader part, corresponding with the surface of the crown of 
the tooth, to the malleus. Of its two processes, one, directed back- 
wards, has a free end attached by a ligament to the wall ; the other, 
curved downwards,' longer ' and more pointed, articulates with the 
stajpGS, a little bone shaped like a stirrup, of which the base fits 
into the membrane of the fenestra ovalis. 

The mibscles of the tympanum are two in number. The tensor 
tympani arises from the cartilaginous end of the Eustachian tube 






Fio. 244. — Dia^am of ear. TM, -tyrapanio inembratie ; ST, malleus ; I, incus ; S, stapes ; SO, semi- 
circular canal; FO, foramen ovale ; FR, foramen rotundum; BT, Eustachian tube; A, ampulla; 
V, vestibule and utricle; 8, saccule from which OR, the canal reunions (cut across) connects 
with CO, the canal of the cochlea; SV, scala vostibuli; ST, scala tympani; 8 N, eighth nerve. 
In constructing the diagram the various structures have been . shown in ' one plane, but actually 
the cochlea lies anterior to the semicircular canals. The lengthening of the basilar membrane 
towards the apex of the cochlea is shown in the left side only. 


and the adjoining surface of the sphenoid, and from the sides of 
the canal in which the muscle lies ; the tendon of the muscle 
bends at nearly a right angle , over the end of the processus cochleari- 
formis and is inserted into the inner part of the handle of the 
malleus. The stapedius is concealed within a canal in the bone 
in front of the aquediictus Fallopii. Its tendon is inserted into 
the neck of the stapes posteriorly. 

The Internal Bar. — ^The proper organ of hearing, is formed by the 
distribution of the auditory nerve, within the internal ear, or lahy- 
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comniimicates witli the three membranous semicircular canals ; the 
saccule communicates with the utricle ’ 

and with the canal of the cochlea. The 
vestibular division of the auditory nerve 
is distributed to the five spots shown in the 
diagram, namely, the maculre of the utricle 
and saccule, and the cristm of the semi- 
circular canals. The cochlear division of 
the auditory nerve is distributed to the 
whole length of the canal of the cochlea. 

The Cochlea; — Tliis is shaped like 
a snail’s .shell. It is traversed by a 
central column or modiolus, around 
which a spiral canal winds with two 
and a half turns from base to apex. 

It is seen in vertical section that 
this canal is ' divided partly by bone 
(the spiral lamina), partly by mem- 
brane (the lasilar menibrane), into two 
spiral staircases or scalre, the scala 
tympaiii and scala vestibtili (fig. 248). 

The scala vestibuh is separated from 
the tj^mpanum by the membrane of the fenestra ovalis, and the 
scala tympani is similarly separated from the tympanum by the 

membrane of the fenestra 
rotunda. Both scalse are 
filled with perilymph. The 
basilar membrane increases 
in breadth from the baSe 
towards the apex of the 
cochlea. It contains fibres 
(about 24,000 in all) em- 
Iso bedded in a homogeneous 
- matrix and running radially, 
from the spiral lamina to the 
spiral ligament, where its 


C C.R. 

Fio. 247- — Diagram of the right mem- 
braiious labyrinth. U, utricle, into 
which the three semicircular canals 
open ; S, saccule, communicating 
with the cochlea (C) by O.B., the 
caiialis reuniens, and with the utricle 
by a canal having on it an enlarge- 
ment, the saccus endolymphaticus 
(S.E.) The black shading repre- 
sents the places of termination of 
the auditory nerve, namely, in the 
macuUe of the utricle and saccule; 
the cristaj ip] the ampullary ends of 
the three semicircular canals; and 
in the whole length of the canal of 
the cochlea. (After Schafer.) 



{ other end is again attached 
[«•/ to the bone. At the apex 




of the cochlea, the lamina 
ends in a small hamulus, the 
inner and concave part of 
which being detached from 
the summit of the modiolus, 
leaves a -small aperture 
named the helicotrema, by which the two scalfe, separated in all the 
rest of their length, communicate. 


Fio. 248.— Section through one of the coils of the cochlea. 
Sr, scala tympani; SK, scala vestibuli; CC, canalia 
cochlese ; R, membrane of Reissner ; iso, lamina spiralis 
ossea; Zls, limbus laminte spiralis; t, membrana 
tectoria (below the membrana fcectoria is the lamina 
reticularis) ; b, membrana basilaria ; Co, rods of Corti. 
(Hallpike.) 
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external and internal pillar, cacli rising from an expanded foot or 
LTrttached to the basilar membrane (0. N. fig. 249). They slant 
inwards towards each other, and each ends in a swelling termed 
the head; the head of the inner pillar overlies that of the outer. 
Each pair of pillars forms a pointed roof arching over a space, and 
by a succession of them a tunnel is formed. 

The pillars in proceeding from the base of tdie cochlea to\yards 
its apex progressively increase in length, and become more oblique ; 
. in other words, the trmnel becomes wider, but diminishes in height 
as we approach the apex of the cochlea. Leaning against the rods of 



Flo. 250.~CocliIear division of tlio auditory nervo. r, Restlform body ; r, do-sccndlng root of tbe fifth 
nerve; tuh.ac.t acoustic tubercle; n.ncc., accessory nucleus; 5*o., superior ollvo; mir. trapezoid 
nucleus ; n.VI.f nucleus of tho sixth norvo ; TV,, Issuing fibre of sixth nervo. (Schafer.) 


Corti are certain other cells called hair-cclls, which terminate in small 
hair-like processes. There are several rows of these on the outer 
and one row on tho inner side. Between them are certain sup- 
porting cells called cells of.Dciicrs (fig. 249, x). Tho whole rests 
upon the basilar membrane ; it is roofed in by a fenestrated mem- 
brane or lamina reticularis into the fenestra3 of wliich tho tops of 
the various rods and cells are received. When viewed from above, 
the organ of Corti shows a remarkable resemblance to the key- 
board of a piano. Overhanging the organ is the m emir ana tcctoria 
(fig. 249, t) which extends from the end of the limbus {Us, fig. 
248), a connective-tissue structure on the sj)iral lamina. Tlio ^iral 
ganglion from which the cochlear nerve-fibres originate is situated 
m the spiral lamina. 
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Physiology of Hearing. 

Sovmds’ are caused by vibrations ; when a piano-string is struck, 
it- is thrown into a series of rapid regular ^dbratioris; the more 
rapi dly the _yibrations, occur the higher is the pitch of the musical 
note; the greater the amplitude of the vibration, the louder or 
more intense is the tone; if the vibrations are regular and simple 
(pendular), the tone is pure; if they are regular but compound, the 
tone is impure, and its quality or timbre is dependent on the rate 
and amplitude of the simple vibrations of which the compound 
vibrations are composed. The vibrations are transmitted as waves, 
and ultimately affect the hair-cells at the extremities of the 
au(fftory nerve in the cochlea. In the external ear the vibrations 
travel through air ; in the middle ear through, solid . structures — 
membranes and bones ; and in the internal ear through fluid. 

This is the normal way in which the vibrations pass, but the endolymph may be 
aiFected in other ways, for instance through the other bones of the head ; one can, 
for example, hear the ticking of one’s watch when it is placed behveen the teeth, 
even when the ears are stopped. From this fact is. derived a valuable practical 
method of distinguishing in a deaf person what part of the organ of hearing is at 
fault. The patient may not be able to hear a watch or a tuning-fork when it is held 
close to the ear ; but if he can hear it when it is placed between his teeth, or on his 
forehead, the malady is localised in either the external or middle ear ; if he can hear 
it in neither situation, it is a much more serious case, for then the internal ear or the 
nervous mechanism of hearing is at fault. In disease of the middle ear the hearing 
of low tones is especially affected ; high tones appear to be transmissible by bone- 
conduction more readily than low. 

In connection with the exUrnal ear there is not much more to be 
said ; the pinna in many animals' is large and acts as a kind of natural 
ear-trumpet to collect the vibrations of the air ; in man this function 
is to a very great extent lost, and though there are muscles present to 
move it into appropriate postures, they are not under the control of the 
will in the majority of people, and are functionless, ancestral vestiges. 

The Memhrana TympanL — This membrane, unlike that of 
ordinary drums, can take up and vibrate in response to an 
immense range of tones differing from each other by many octaves. 
This would clearly be impossible if it were an evenly stretched 
membrane. It is not evenly nor very tightly stretched, but owing 
to its attachment to the chain of ossicles it is slightly funnel-shaped : 
the ossicles also damp, the continuance of the vibrations. - 

When the membrane gets too tightly stretched, by increase or 
decrease of the pressure of the air in the tympanum, then the sense 
of hearing is dulled. The pressure in the tympanic cavity is kept 
the same as that of the atmosphere by the Eustachian tube, which 
leads from the cavity to the pharynx, and so to the external air. 
The Eustachian tube is not, however, always open ; it is opened by 
the action of the tensor palati during swallowing. When the tube is 
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closed— this often happens owing to- swelling of the mueons membiane 
in inflammation of the throat — an interchange of gases takes placc- 
between the imprisoned air and the blood of the tympanic vessels. 
In time, as in the aero tonometer, equilibrium is established and tho 
tension of the imprisoned gases becomes equal to that of the blood 
gases, hot to that of the atmosphere. The membrane is therefore 
cupped inwards by the atmospheric pressure on its exterior ; it is by 
tliis increased tightening of the membrane that deafness is produced. 
There is also an accumulation of mucus. When one makes a 
violent expiration, as in sneezing, some air is often ' forced through 
the Eustachian tube into the tympanum. The ears feel as though 
they were bulged out, as indeed the membrana tympani is, and 
there is again partial deafness, wliich sensations are at once relieved 
by swallowing, so as to open the Eustacliian tube and thus re- 
establish equality of pressure. 

The ossicles commimicate the vibrations of the membrana 
tympani to the membrane which closes the fenestra ovahs (to which 
the foot of the stapes is attached). . Thus the vibrations are 
communicated to the fluid of the internal ear, wliich is situated 
on the other side of the oval window. , 

The handle of the malleus vibrates with the membrana tympani ; 
and the vibrations of the whole chain take place round the axis of 
roteifow AB (fig. 251). Every time 
0 comes forward jb comes for- 
ward ; hut by drawing perpendi- 
culars from ,0 and D to the axis 
of rotation, it is found that D is. 
about § of the distance from the 
axis that C is. So in the trans- 
mission of the vibrations from 
membrane, to membrane across the 
bony chain, the amplitude of the 
vibration is decreased by about J, 
and the force is correspondingly 
increased. This increase of power 
is augmented by the fact that the 
tympanic membrane concentrates 
its power upon an area (the membrane of the oval window) only one- 
twentieth of its size. The final movement of the stapes is, however, 
always very small ; it varies from to less than lo ow ^ millimetre. 

In one direction the ossicles move as if they were one. The 
advantage of their being several is that movements which move the 
membrane outwards do not move the incus. The increase of pressure 
on the inner .side of the tympanic membrane caused by blowing 
the nose, therefore, is not communicated to the cochlea. . 



Fig. 251.— Diagrammatic view of ear ossicles. 
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The action of the tensor tympani, by pulling in the handle of the 
malleus, increases the tension of the membrana tympani. It is 
suppl ied by ,.the fifth (trigeminal) nerve. It is opposed by the 
strong external liga ment of the malleus. The attached to 

the neck oh the stapes tilts it backwards and diminishes the intra- 
tympanic^air-pressure. It is supplied by the seventh (facial) nerve. 
The next very simple diagram (fig. 252) will explain the use of 
fenestra rohmda. 


F,Qmlis 


Stapes 




C.R, 


Scafa Vestibuii (Perilymph) 

Cgnai of Cooh/yci refKJoluhwh J ^ 


Scafa Tympani (Perilymph) 


fielicotrema 


F. Rotunda 


Fia. 252. — Diagram to illustrate the^use of the fenestra rotunda. The intervention of the vestibular 
perilymph between' the f. ovalis and the scala vestibuii is not shown. 


The cochlea is supposed to be imcoiled ; the scala vestibuii leads 
from the vestibule, in which is situated the fenestra ovalis, to the 
other side of which the stapes is attached; the scala tympani 
leads to the fenestra rotunda; the two scalrn communicate at the 
helicotrema, and are separated from the canal of the cochlea by 
the basilar membrane, and the membrane of Eeissner, C. E. is 
the canalis reuniens leading to the saccule. The cochlea is filled 
with incompressible fluid in an inexpansible bony case, except 
where the windows are closed by membranes. Hence every time 
the membrane of the oval window is bulged in by the stirrup, 
the membrane of the round window is simultaneously bulged out 
to the same extent, and vice versa. These changes of pressure are 
transmitted from one scala to the other directly through the cochlear 
canal, which is set into vibration, and through the helicotrema. 


The Analysis of Sound. 

It is now generally agreed that the appreciation of soimd, depends 
on the basilar membrane. Tliis membrane, as we have seen, separates 
the scala tympani from the canal of the cochlea and it is evident 
that it may be caused bo vibrate by pressure waves set up in the 
perilymph of the scala tympani. The wave movements of the 
perilymph are made possible by the flexibility of the merabrane 
closing the foramen rotundum. There have, however, been different 
opinions as to how .and where the analysis of the soimd takes place. 
It has been suggested (Eutherford and Wrightson) that the b asila r, 
membrane vibrates like a telephone receiver and impulses are set 
up which are conveyed to the brain as by. telephone, the actual 



THE ANALYSIS OF SOUND 


725 


OH. LV.] 

. analysis taking place in the brain. This appears unlikely, as, on 
one hand, we know of no cerebral mechanism by which such 
an analysis would take place and it .has been calculated that the 
■ nerve could not carry the recpiircd number of impulses because of 
' its refractory period. Moreover, it would not seem necessary to have 
such an elaborate structiu’e as the cochlea for such a function. It 
has also been suggested (Waller-Ewald) that the basilar membrane 
itself might analyse such wave patterns according to the different 
parts thrown into motion. This avoids the difficulties suggested in 
relation to the Eutherford hypothesis, but like the latter cannot 
explain the loss of the power to recognise certain groups of notes 
when the membrane is injimed in certain parts. 

The ■vdew which is now most generally accepted is that originally 
put forward by Helmholtz that the different parts of the basilar 
membrane can vibrate in resonance with a particular wave to which 
they are, as it were, tuned, just as a wire of a piano can be made to 
sound if a note of suitable pitch is struck on another instrument. 
Hehnholtz (1821-1894), trained originally in Medicine, became 
Professor of Physiology but later Professor of Physics in Berlin 
and one of the great physicists of his day. 

Helmholtz’s view is based on the fact that the fibres of the 
basilar membrane vary appreciably in length, its longest fibres 
at tile apex of the cochlea being more than three times the 
. length of . those at the base, while the structures attached to the 
upper part of membrane have probably more than ten times 
. the mass of those attached below. Between, the structures are ’ 
intermediate. The long fibres vibrate to notes of 40 vibrations 
per second only, while the short fibres mbrate to those of 4000 
per second. Support to tliis view is given by the result of 
damage to the cochlea. Animals in which conffitioned reflexes 
have been established to low notes lose these reflexes if the apex 
is removed. Boilermakers who become deaf to high notes show 
degeneration of the base of the cochlea, and similarly it is 
claimed that prolonged subjection of an animal to a certain sound 
leads to a corresponding cochlear degeneration. It has further 
•been found possible to make a model which will respond in a 
• way similar to that suggested for the cochlea. 

Hartridge has introduced a number of very interesting 
experiments which do much to support the Helmholtz theory. He 
, has compared the changes .in a telephone circuit with what occurs 
when a system of resonators is activated. In each case -yrhat is 
heard by the ear corresponds to what happens in a series of 
resonators. For example, the changing of the phase of a musical 
note by half a cycle does not alter the_ voltage in a telephone circuit, 
but to the ear there is a momentary interruption at the point -of 
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the accessory nucleus in their course to the superior olive and fillet. 
Here again, however, a few fibres pass to the fillet of the sam^j 
side. Fibres from the superior oliye reach the nucleus of the sixth 
nerve and through the posterior longitudinal bundle the third and 
fourth nerve nuclei. • Their presence partly explains movements of 
the eye in response to a sound. The lateral fillet communicates v/ifcli 
the inferior corpus quadrigeminuni and the medial geniculate bofly. 
From the latter the auditory radiation is distributed to the upper 
surface of the superior temporal gyrus concealed within the lateral 
fissure (Sylvius). 

From quite a small area of this gyrus it has been found possible 
to record, in the monkey, the action potentials set up by various 
sounds, an area for low notes being at one end and another for 
liigh notes at the other. 


Range of Hearing. 

The range of hearing extends over 10 or 11 octaves ; the lowest 
audible tone having about 20, the . highest" about 25,000, vibrations 
per second. The range varies in different people, and diminishes 
from childhood onwards. The upper limit of hearing may be tested 
by minute tuning-forks, metal rods, or by Gabon’s wliistle. Many 
animals appear to be able to detect high tones which lie beyond the 
human limit. The lower limit may be determined by very large 
tuning-forks, or -by employing very low difference- tones, but now- 
a-days in all accurate work the audiometer is used (see below). 

Difference-tones are produced when two tones of different pitch, 
m, and n, are sounded together. A tone having the pitch m minus n 
is then heard in addition to the tones m and n : also a summation 
tone of pitch m plus n may he heard, but with greater difficulty. 
When m and n are nearly equal, a beating tone, instead of a difference- 
tone, results, having a pitch somewhere intermediate between m and n. 
If the difference between m and n is exceedingly small, this beating- 
tone alone is heard. The frequency of the beats corresponds to the 
difference in vibration-rates, m and n.' Under certain conditions 
the difference and summation-tones (which are collectively called 
combination-tones) exist in the -air ; their presence is demonstrable 
by their reinforcement before appropriate resonators. More generally, 
however, they appear to be produced within the ear, i.e., they have 
merely a subjective origin. The smallest perceptible difference in 
pitch between two successive tones is about 0"2 vibrations in the 
middle region _of the piano for trained subjects. Practice effects 
extraordinary improvement, even among the most unmusical. 

It should be noted that the ear is more sensitive to sounds of 
. certain pitches than to others, as the eye is more sensitive to 
certain parts of the spectrum e.g., sounds from 1000 to 2000 cycles, 
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just above average singing range low G 198 to high G 79l 
Loudness is, therefore, not strictly synonymous with, sound intensity. 

Soxmd location depends partly on the possession of two ears. 
The sound reaches the nearer ear first and thus difference in time 
is recognised. 

Auditory Efficiency. 

There is little doubt that auditory efficiency varies much more 
than is commonly recognised. This has become apparent by the 
introduction of more accurate means of measurement made possible 
by the use of the microphone and the audiometer (see below). 

The decibel has been introduced as a convenient unit of 
loudness. It is a tenth of a Id, so-called after Graharn Bell who 
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Fio, 253. — Audiometer records. Note specially the loss of the higher notes 
in boilermakers disease. (E. D. Dickson.) 

invented the telephone. The decibel scale is a scale relative to 
the faintest audible sound thus : 

Faintest audible . . , 0 Thunder .... 70 

AVhisper at 4 feet. , .20 Loud motor horn at 23 feef. 100 

Quiet street . . . .30 Limit of endurance , . 130 

Noisy street. . . , 60-80 

The actual scale is logarithmic; 1 bel is 10 times 0, 2 bels are 100 
times 0. The scale really measures changes in the intensity of 
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a 'sound, cand is used simply for convonienco as tlio range of 
intensities is so great. 

The audiometer is a thermionic valve apparatus from which 
pure tones of different pitch, but of the samo intonsity, can be 
delivered. It is- possible to obtain audiomctric curves from subjects 
which 'give an idea of the efficiency of the auditory apparatus at 
different pitches, which may bo important in the selection of 
telephonists. By its use the differences produced by different lesions 
of the ear may be demonstrated, as seen in fig. 263. Since ordinaiy 
conversation talres place between 20' and 40 decibels, a person 
suffering from otosclerosis or damage to, his nerve mechanism will 
complain of deafness but a boilermaker may not. 

Obstruction in the external auditory meatus by plugging tends 
to cut out notes of high frequency which nre most easily attenuated. 
For a similar reason we can hear the low notes of distant conversa- 
tion or of the radio although we may not recognise what is said, 
(Fletcher, 1929; Beatty, 1932; Wever, 1933 ; Stevens, 1938.) 


CHAPTEE LYI 


THE EYE AHD VISION 

The eyeball, together with vessels and nerves, muscles to move it, 
and a quantity of adipose tissue, is contained in the orbit. In the 
front of the eyeball are the lids and lachrymal apparatus. 

The eyelids consist of two movable folds of skin, each of which is 
kept in shape by a thin plate of fibrous tissue called the tos^us:^ 
Along their free edges are inserted a number of curved hairs {eye- 
lashes), which, when the lids are half closed, serve to protect the 
eye from dust and other foreign bodies : the tactile sensibility of the 
lids is very deHcate. Embedded in the tarsus are a number of long 
sebaceous glands {Meibomian or tarsal), the ducts of which open 
near the free edge of the lid. In the loose connective tissue in front 
of the tarsus, the bundles of the orbicularis muscle are situated. 

The orbital surface of each lid is lined by a delicate, highly 
sensitive mucous membrane {conjunctiva), which is continuous with 
the skin at the free edge of each lid, and after lining the inner 
surface of the eyelid is reflected on to the eyeball, being somewhat 
loosely adherent to the sclerotic coat or sclera. Its epithelium, which 
is columnar, is continued over the cornea as its anterior epithelium, 
where it becomes stratified. At the inner edge of the eye the 
conjunctiva becomes continuous with the mucous lining of the 
lachrymal sac. and duct, which again is continuous with the mucous 
membrane of the nose. 

The eyelids are closed by the contraction of a sphincter muscle 
{orbicularis), supplied by the facial nerve ; the upper lid is raised* by 
the levator palpebrce superioris, supplied by the third nerve. 

The lachrymal gland, composed of lobules made up of acini re- 
sembling the serous salivary glands, is lodged in the upper and outer 
angle of the orbit. Its secretion, which issues from several ducts on 
the inner surface of the upper lid, under ordiaary conditions just 
suffices to keep the conjunctiva moist. It passes out through two 
small openings (puncta lacrimalia)* near the inner angle of the eye, one 
in each lower lid, into the lachrymal sac, and thence' along the nasal 
duct into the inferior meatus of the nose. The excessive secretion 
poured, out under the influence of an irritating vapour or painful 
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the eyeball 


• flnwt! the lower lid in the form of tears. The feretory 

emotion overflows the lowey ^ ^ temporo-malar branches 

nerves are oontemed m the thelio. 

of the fifth nerve, and in the cervical sympn 


^ The Eyeball. 

The eyeball (fig. 254) ebnsists ot the, following sta-uctures 
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is filled hj the aqjieo^s^nimtreous humours * andthe crystallim lens; 
but, also, there is . suspended in the interior a contractile and 
perforated curtain, ^ the iris, whi^ is continuous with the choroid; 
it regulates the admission of light; at the junction of the sclera, and 
cornea * is the cihary muscle, the function of which is to adapt the 
eye for seeing objects at various distances. 

~‘'Tko Choroid Coat is the vascular coat of the eyeball, and its 
connective tissue contains abundance of branched pigment cells. 

The choroid coat ends in front in what is called the ciliary 
lody (fig. 254) which ,is made up of blood-vessels, fibrous connective 
tissue, and pigment corpuscles. The ciliary processes terminate at 
the margin of the lens. The ciliary m'liscU takes origin at the 
corneq;:Scleral, jimction. It is a ring of muscle made up of fibres 
running in three directions; (a) Meridional fibres near the sclera 
and passing to the choroid ; (6) radial fibres inserted into the Qhoroid 
behind the ciliary processes; and (c) circular fibres (muscle of 
more internal ; they constitute a sphincter. 

The ciliary bodies also contain the ciliary processes' which 
project slightly towards the interior of the eye. They are covered 
by a thin pigmented epithelium and are rich in capillaries. 

From these structures is produced the aqueous humour or watery 
fluid of the anterior chamber of the eye. 

The Iris is a continuation of the choroid inwards beyond the 
ciHary processes. It is, a fibro-muscular membrane perforated by a, 
central aperture, the pupil. 

Posteriorly is a layer of pigment cells (uvea)^ which is a 
continuation forwards of the pigment layer of the choroid. The iris 
proper is made of connective tissue in front with corpuscles which 
may or may not be pigmented, and behind of similar tissue supporting 
blood-vessels. Surrounding the pupil is a layer of circular unstriped 
muscle, the ^yhinctc x^vuvillce. There are also muscle-fibres which 
radiate from the sphincter in the substance of the iris forming the 
dilator pupillcc. The iris is covered anteriorly by a layer of epithelium 
^cdnfinuedlipbh it from the posterior surface of the cornea. 

The Lens is situated behind the iris, being enclosed in a distinct 
capsule, the posterior layer of which is not so thick as..the,^,anterior. 
It is supported in place by the suspensory ligament, fused to the 
anterior surface of the capsule. 

The lens is made up of a series of concentric laminse (fig. 255), 
which, when it has been hardened, can be peeled off like the coats of 
an onion. The laminm consist of long ribbon-siiaped fibres, which in 
the course of development have originated from cells. The fibres 
are united by a scanty amount of cement substance. The central 
portion {nuclms) of the lens^i^he hardest. 

* Sometimes called the vitreous body. 
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The epithelium of the lens consists of a layer of cubical cells 
anteriorly, which merge at the equator into the lens fibres.’ The 
development of, the lens explains this transition. 

-Oorneo-scleral Junction. — At this junction the relation of parts 
(fig. 264) is so important as to need a short description. In this 
neighbourhood, .the iris and ciliary processes join with the cornea. 
The proper substance of the cornea and the posterior elastic lamina 
become continuous with the iris, at the angle of the iris, and the iris 
sends forwards processes towards the posterior elastic lamina, 
forming the ligamentum pectinahom 'iridis, and these join with fibres 
of the elastic lamina. The epithelial covering of the posterior surface 
of the cornea is, as we have seen, continuous over the front of the 
iris. At the iridic angle, the compact inner substance of the cornea 
is looser, and between the bundles are lymph spaces called the 
spacer of Fontana. They are but little developed in the human 
cornea. 

4 ? 


Fia, 255.*-'!Meridiorfal section through the part of the lens of a rabhit. 1, Lens capsule ; 2, epithelium 
of lens ; 8, transition of the epithelium into tha fibres ; 4, lens fibres. (Bubuchin.) 

The spaces between the bundles of corneal tissue at the angle 
of the iris are continuous with the larger lymphatic space 
of the anterior chamber. Above the angle at the corneo-scleral 
junction is a canal, which is called the . cana l-of-Schlemm. .. It is a 
venous channel. 

The Retina apparently ends in front, near the outer part of the 
ciliary processes, in a finely-notched edge — ^the ora serrata — but is 
really represented by the uvea to the very margin of the pupil. 
The nerve-cells in the ' retina remind us that the optic, like the 
olfactory nerve, is not a mere nerve,. but an outgrowth of the brain. . 

In the centre of the retina is a round yellowish elevated spot, '■ 
about 1 mm. in diameter, having a depression in the centre, called 
the macula lutea or yellow jpot. The depression in its centre is t 
called^ the fMve ^cenimtwr ^^^o'a.% 2‘5 mm. to the inner side of the ! 
yellow spot is ^e~point (o ptic disc or white' spo0 at which the optic 
nerve leaves the eyeball. Thd optic^mve^Bres are the axons of the ; 
nerve-cells of the retina; the dendrons of these cells ultimately ; 
communicate with the visual nerve-epithelium , (rods and cones). 

The optic nerve passes backwards to the ventral surface of the 
brain enclosed in prolongations of the membranes, which cover the 
brain. This external sheath at the exit of the nerve from the 
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eyeball becomes continuous with the sclera, which at this part is 
perforated by holes to allow of the passage of the optic nerve-fibres, 
the perforated part being ' the The fibres of the 

nerve themselves are exceedingly "^fme* and are surrounded by the 
myelin sheath, but do not possess the brdinary external nerve * 
sheath. In the centre of the nerve is a small artery, the arteria 
centralis retince. The number of fibres in the optic nerve is said to 
be upwards, of 500,000. 

The retina consists of certain elements arranged in ten layers 
from within outwards (figs. 256, 257), and surprising as it may seem 
at first sight the light passes through most before reaching the 
sensitive nerve-endings. 

1. Memhrana limitans interna. — This so-called membrane in 
contact with the vitreous humour is formed by the junction laterally 
of the bases of the sustentacnlar or supporting fibres of Muller, which 
bear the same relation to the retina as the neuroglia does to the 
brain. 

2. Optic nerve-fibres. — This layer is of very varying thickness in 
dijSerent parts of the retina; it consists of non-medullated fibres 
which interlace, and most of which are the axons of the large 
nerve-cells forming- the next layer. 

3. Layer of ganglion cells. — This consists of large multipolar 
nerve-cells with large and round nuclei, for min g either a single 
layer, or in some parts of the retina, especially near the macula 
lutea, where this layer is very thick, it' consists of several strata of 
nerve-cells. They are arranged with their single axis-cylinder 
processes inwards. These pass into and are continuous with the 
layer of optic nerve-fibres. Externally the cells ^end off several 
branched processes which pass into the next layer. 

4. Inner molecular layer. — This presents a ^finely granulated 
appearance. It consists of neuroglia traversed by numerous fibrillar 
processes of the nerve-cells just described, and the minute branch- 
ings of the processes of the bipolar cells of the next layer. 

5. Inner nuclear layer. — This consists chiefly of numerous small 
round cells, each with a very small quantity of protoplasm surround- 
ing a large ovoid nucleus. The large oval nuclei (fig. 257) belonging 
to the Mullerian fibres occur also in this layer. 

6. Outer molecular layer. — This layer closely resembles the inner 
molecular layer, but is much thinner. It contains the branchings of. 
the rod and/ cone fibres on the one hand and of the bipolar cells on ^ 
the other. 

7. External nuclear layer. — This layer consists of small cells • 
resembling at first sight those of the internal nuclear layer; they 
are classed as rod and cone granules, according as they, are connected 
with'"tfi5TT)ds'aS3^l3nes'respectively, and will be described with them. 
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8. 3£embrana limifans externa . — This is a well-defined membrane, 
marking the internal limit of the rod and cone layer, and made up 
of the junction of the sustentacular or Mullerian fibres externally. 

9. Layer of rods and cones . — This layer is the nerve-epithelium 
of the retina. It consists of two kinds of cells, rods, and cones, 
which are arranged at right angles to the external limiting mem- 
brane, and supported by hair-like processes {hasJcet) proceeding from 
the latter for a short distance (fig. 256). 



Fio. 256. — ^Diagram showing the susten* 
tacular fibres of the retina ; /, fibre- 
basket above the ex^rnal limiting 
membrane; m, nucleus of the fibre; 
r, base of the fibre. 

(From M‘Kendrick, after Stbhr.) 


10 



Each rod (fig. 257) is made up of two parts, very different in 
structure, called the outer and inner limbs. The outer limb of the 
rods is about 30 /x long and 2 /x broad, is transparent, and doubly 
refracting. It is said to be made up of fine superimposed discs. 
It stains brown with osmic acid but not with hasmatoxyhn, and 
resembles in some ways the myelin sheath of a meduUated nerve. 
It is>the part of the rod in which the pigment called is 

found. In some animals a few rods have a greenish jiigment instead. 
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The inner limb is about as long but slightly broader than the outer, 
is longitudinally_stoiated at its outer, and granular at^its^innnr part 
It staE5s^with“'hsematoxylin, but not with osmic acid. Each rod' is 
connected internally with a here and there 

varicose ; in the middle of tSe^bre is a rg d^ramde, really 
the nucleus of the rod, striped broadly transverse!^ Wd situated 
about the middle of the external nuclear layer; the internal end 
of the rod fibre terminates in branchings in the outer molecular 
layer. 

Each cone (fig. .257), like each rod, is made up of two limbs, 
outer and jnner. The outer limb is tapering and not cylindrical like 



Fig. 25S. — Pigmented epithelium of retina (after Greefl). A, Surface view ; n, nucleus. B, Single 
cell in profile view ; o, free surfece ; d, nucleus ; c, pigment-free cytoplasm ; d, pigmented 
cytoplasm ; e, pigmented processes. 


the corresponding part of the rod, and about one-third only of its 
length. There is, moreover, no vis uaL purpIe fou nd in the cones 
The inner limb of the cone is broader in the centra ms'^pfoto*' 
plasmic, and under the influence of light has been seen to execute 
movements. 'In birds, reptiles, and amphibia, there is often a 
coloured oil globule present here. Each cone is in connection by its 
internal end with a cone fibre, which has much the same structure 
as the rod fibre, but is stouter and has its -nucleus {cone gramde) 
quite' near to the external limi ting membrane. Its inner end 
terminates by branchings in the external molecular layer] 

In the rod and cone layer of birds, the cones usually pre- 
dominate largely in number, whereas in man the^_rods_are_ by 
far the more numerous, except in the fovea centralis, where cones 
only are present. The number of cones has been estimated at 
3,000,000. 

10. Pigment-cell layer . — This layer consists of a single layer of 
polygonal cells, which send down a beard-Kke fringe to surround 
the outer ends of the rods. 

Note that this pigment layer which contains the visual purple 
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lies almost in contact' with the pigment containing cells of -the 
choroid coat of the eye.ball which excludes the light. Between 
the two layers is the thin membrane of Bruch. 

. Differences in structure of different parts. — Towards the centre 
of the macula hUca all the layers of the retina become greatly 
thinned out and almost disappear, 

except the rod and cone layer, , . . 

and -at the fmea--centrjiilis^ the ; 
ro^ disappeajjjmd the -cones are 

" ' lTOg"an d' narrow , ^’t "the" margin . 

■ of“thT'fo^a the layers increase 
m thickness, and in the rest 
< of the macula lutea are thicker 
than elsewhere. The ganglionic 
layer is especially thickened, the 

ppll.q beino- .ai-X- to pierbt dppn 259.— Diagram of a section through half the 

uGilb Uolllg olA 1/0 tJIglil/ ^ Cl6ep fovea centralis. 2, Ganglionic layer; 4, inner 

(2, fiff. 259). Cone nuclei are nuclear; e, outer nuclear layer, the cone fibres 
® j /r» orrtN forming the so-called external fibrous layer; 

OullQUely disposed (Ilff. 259) on- cones; membrana limitans externa; 

tn.hi., membrana limitans interna. (Schafer and 

.che course or tne cone hbres, ooiding Bird.) 
and are situated at some distance 






Fio. 259. — Diagram of a section through half the 
fovea centralis. 2, Ganglionic layer; 4, inner 
nuclear; 6, outer nuclear layer, the cone fibres 
forming the so-called external fibrous layer; 
7, cones; Tn.Z.u., membrana limitans externa; 
tn.l.i., membrana limitans interna. (Schafer and 
Golding Bird.) 


from the memhrana limitans externa, is cupped towards the 

fovea (fig. 259). The yellow tint of the macula is due to a diffuse 
, colouring matter in the interstices of the four or five inner layers ; 
it is absent at the centre of the fovea. 


It is important to notice what is clearly brought out in fig. 257, 
that at 'the fovea each cone is connected to a separate chain of 
neurones, whereas in other regions the rods and cones are connected 
in-groups to these chains; this explains the greater sensitiveness 
of foveal vision which has been confirmed by measurement of the 
excitability of the retina at different points. 

^ At the ora serraia the layers axe not perfect and disappear in 
this order : nerve-fibres and ganglion cells, then the rods, leaving 
only the^^ inner limbs of the cones, next these cease, then the outer 
.molecular layer, the inner and outer nuclear layers coalescing, and 
finally the inner molecular layer also- is unrepresented. 

At the pars ciliaris retinco^ the ' retina consists of a layer of 
columnar cells, which probably represent the Mullerian fibres. These 
cells externally are in contact with the' pigment layer of the retina, 
which is continued over the ciliary processes and’ back of the iris. 
Nervous structures .are absent. 


At the exit of the optic nerve the' only structures present are 
nerve-fibres. 

The -anterior chamber is the space behind the cornea and in / 
front of the iris. Between the iris and the lens is the posterior/ 
chamber. * 


2 A 
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near the insertions of the recti. These vessels anastomose and form a' rich choroidal 
"^plexus; they also supply the iris and ciliary processes, forming a highly vascular 
circle round the outer margin of the iris and adjoining portion of the sclera. The 
distinctness of these vessels from those of the conjunctiva is well seen in fte 
difference between the bright red of blood-shot eye^ (conjunctival congestion), and 
the pink zone surrounding the cornea which indicates deejvseated ciliary congestion. 

(2) The retinal vessels are derived from the arteria centralis retinw, which 
enters the eyeball along the centre of the optic nerve. They ramify aU over the 
retina, in its inner layers. They can be seen bj' ophthalmoscopic examination. 

The Bye as an Optical Instrument. 

In a photographic camera images of external objects are thrown ■ 
on a screen at the back of a box, the interior of which is painted 
black. In the eye, the camera is represented by the eyeball with its 
• black pigmentj the screen by the layer of rods; and cones of , the 
retina, and the lens, by the refracting media. In the camera, the 
screen is enabled to receive clear images of objects at different 
distances, by an apparatus for focussing. The corresponding con- 
trivance in the eye is called accommodation. 



.. right. 

The iris, which allows more or less light to pass into the eye, 
corresponds with the diaphragms used in the photographic 
apparatus. * . 

The refractive media are the cornea, aqueous humour, crystalline 
lens, and vitreous humour. The most refraction or- bending of the [. 
rays of light occurs where they pass from the air into the cornea;^ ; 
they are again bent slightly in passing through the lens, iterations;; ' 
in the^anteriQr.curvature.,o£. the Jens, lead Jo. accommodation.- \ 

""We may first consider the refraction through a transparent 
spherical surface, separating two media of different density. 

The rays of light which fall on the surface exactly perpendicu- 
larly do not suffer refraction, but pass through, cutting the, optic- 
axis (0 A, fig. 260), a line which passes exactly through the centre ^ 
of the surface, at a certain point, the nodal 'point (fig 260, N), or 
centre of curvature. Any rays which do not so strike the curved 
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In this reduced or simplified eye, the principal posterior 'focus, 
about 23 mm. behind the spherical surface, would correspond to the 
position of the retina behind the anterior surface of the cWea. The 
refracting surface would be situated about midway between the 

N 



Fig. P' is a line which separates two media, the lower one being the denser, and A O is a ray 

of light falling on it, it is bent at O towards the normal or perpendicular line N N'. AO is called 
the incident ray, and O B the refracted ray ; A O N is called the angle of incidence (i), N' O B the 
angle of refraction (r). If any distance O X is measured off along O A, and an equal distance O X' 

along O B, and perpendiculars drawn to N N"; then index of refraction. 

posterior surface of the cornea and the anterior surface of the 
lens. 

The optical axis of the eye is a line drawn through the centres of- 



curvature of the cornea and lens, prolonged backwards to touch the 
re tina betw eeip the optic ..disc and fovea centralis, and this differs 
from the visual axis which passes through the nodal point of the 
reduced eye to the fovea centralis; this forms an angle of 5°. with 
the optical axis. But for practical purposes the optical axis and the 
visual axis may be considered t 9 be identical. 
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The visual or optical angle (fig. 262) is included between the lines 
drawn from the borders of any object to the nodal point; if the 
lines are prolonged backwards they include an equal angle. It 'has 
been shown by Helmholtz that the smallest angular distance between 
two points wliich can be appreciated as two distinct points is 50 seconds, 
the size of the retinal image being 3'65 ii ; this is a little more than 
the diameter of a cone at the fovea centralis which is 3 jjl, the distance 
between the centres of two adjacent cones being 4 /z. If the two 
points are so close together that they subtend a visual angle less 
than 50 seconds, usually taken as 1 minute,^ both images will fall 
upon one cone, and the two points will therefore appear as one. 

The Formation of a Retinal Image. — ^Any object, for example 
the arrow A B (fig. 262), may be considered as a series of points 



Fio. 263. — Diagram of the course of the rays of light, to show how an image is fonned upon the retina 
in an accommodating eye. The surfece C C should be supposed to represent the ideal curvature. 
In actual fact the rays are refracted not only at the cornea, hut also at the surfaces of the lens and 
at the vitreous humours. In the unaccommodated eye the point P is on the retina. A and B are 
* to be considered points from which rays of light radiate. 

from each of which rays of light diverge towards the eye. Take, 
'for instance, the rays diverging from the tip of the arrow A; C C 
represents the curvature of the schematic or reduced eye; the ray 
which passes through the centre of the lens system, ix. the nodal 
point, is not refracted (the asterisk in fig. 263), it is near the 
posterior surface of the crystalline lens ; the ray A 0, which is 
parallel to the optic axis 0 O', is refracted through the principal 
posterior focus P, and cuts the first ray at the point A' on the 
retina. The other rays from A meet at the same point to form an 
image. Similarly, the other end of the arrow B is focussed at B' 
and rays from all other points have corresponding foci.. 

It will thus be seen that an inverted image of external objects is 
formed on the retina. The retina is a curved screen, but the images 
fall only on a small area of the retina under normal conditions; 
hence, for practical purposes, this small area may be regarded 
' as flat. 

The question then arises, Why is it that objects do not appear to 
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US to be upside down ? .this canno t be s atisfabtorily answered without 
entering into matters which require a"previous psychological train- 
ing. Suffice it to say here that the localisation of objects in space 
depends not only on the retina, but also on tactile and general 
experience; that the mind localises objects with reference to its 
own body, and that from the first it knows nothing of the inversion 
of the retinal image, as its powers of localisation only appear with 
developing general experience. 

The size of a retinal linage may readily be calculated as indicated 
by fig, 262, from a, knowledge of. the size of the object and its distance 
from the eye (nodal point), the distance of the nodal point from the 
image on the retina being Taken as 15'5.mm. Thus an object 1 metre 
long and 5 metres from the eye produces an image x times the size of 
" ■ 15-5 


the object, which is 
•15-5 


7-4 


+ the distance of the object from the cornea. 


i.e. 1000 X rQQy7 3 mm. (approx,). In a similar waj^, by mapping 


5007-4 

'out the blind spot on a blackboard a given distance away we may 
measure the size of the optic disc. 


Accommodation, j' 




The power of accommodation is primarily due to an ability to 
vary the shape of the lens ; its front surface becomes more or less 
convex, according ‘as. the distance of the object looked at is near or 
far. The nearer the object, the more convex, up to a certain limit, 
the front surface of the lens becomes, and vice versa; the back 
surface takes no share in the production 
of the effect required. The posterior 
surface,- which during rest is more convex 
than the anterior, is thus relatively the 
less convex of the - two , during accom- 
modation. The following simple experi- 
ment illustrates this point: If a lighted 
candle is held a little to one side of a 
person’s eye an observer looking at the eye 
from the other side sees three images of the 
flame (fig. 264). The first and brightest 
is (1) a‘. small erect image formed by the 
anterior convex surface of the cornea ; the 
second (2) is also erect, but larger and less _ . 

distinct than the preceding, and is formed at the anterior convex 
surface of the lens ; the third (3) is smaller, inverted, and indistinct ; 
it is formed at the posterior surface of the’ lens, \yhich is concave 



Fio. 264. — Diagram showing three 
reflections of a candle. 2, From 
the anterior surface of cornea ; 
2, from the anterior surface of 
lens ; 8, from the posterior sur- 
face of lens. 


forwards, and therefore, like all concaAm mirrors, gives an ^ inserted 
c /' !. ■ - ■-■'■■'■'I/. _ 












XT' 




V 


n , 



744 


THE EYE VISION 


[CII. LVl. 

imago. If DOW the eye linder observation is made to lookjit^amear^ 
object, the second image becomes^smaller, clearer, .ancT a^r.oaches41ie 
If the eye is now adjusted for a far-point, the second image 
enlarges again, becomes less distinct, and recedes from the. first. In 
both cases the first and third images remain imaltered in size, dis- 
t inctn ess, and position. This proves that during accommodation for 
near objects the curvatures of the cornea, and of the j)osterior surface 
of tlieTens, remain unaltered; \Yhile the anterior surface ”df“tlie lens 
becomes more jeonvex and approaches the cornea. 




Fia. 265.? — Diagram of Sanson’s images. A, when the eyes are not, and B, when they are focussed for • 
near objects. The arrow to the right in A and B is the inverted image from the posterior surface 
of the lens. • 


The experiment is more striking when two bright images (repre- 
sented by arrows in fig. 265) are used; the two images from the 
front surface of the lens during accommodation not only approach 
those from the cornea, but also approach one another, and become 
somewhat smaller. {San son's Helmholtz's phakoscope 

(fig.- 266) is a box -with arrangements for demonstrating tliis 
experiment.N 

Mechanisiii of Accommodation . — The lens having no inherent 
power of contraction, its changes of outline must be produced by 
some power from without; this power is supplied by the ciliary 
muscle. Its action is to draw forwards the choroid, and by so 
doing to slacken the tension pf^.the suspensory ligament of the 
lens which arises from it. The^ anterior surface of the lens is 
kept flattened by the action of this ligament. The ciliary muscle 
during , accominodation, by .diminmhing ’ tension of^this^lg^Hient/. 
diruinishes' proportional ^degree' tlie flattening of winch it^ is 
the cause. On diminution or cessation of the action of the ciliary 
muscle, the lens returns to its former shape (fig. 267). Prom 
this it will appear that the eye is usually focussed for distant 
objects. In viewing near objects the ciliary muscle contracts ; the 
ciliary muscle relaxes on withdrawal of the attention from near to 
distant objects. 

During accommodation two other changes take place in the eyes : 
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Fio. 266.— Phskoscope of Helmholtz. At B B' are two prisma, by which the light of a candle is con* 
centrated on the eye of the person experimented with, which is looking through a hole in the third 
angle of the box opposite to the window (?. A is the aperture for the eye of the observer. The 
observer notices three double images, represented by arrows, in fig. 265/ reflected from the eye 
under examination when the eye is fixed upon a distant object ; the position of the images having 
, been noticed, the eye is made to focus a near object, such as a reed pushed up at C ; the images 
from the anterior surface of the lens will then be observed to move as described in the text. 


. The contraction of all of the muscles which have to do with 
accommodation, viz., of the ciliary muscle, of the internal recti 
muscles, and of the sphincter pupillee, is under the control of the 



Fio. 267. —Diagram representing, by dotted lines, the alteration in the shape of the lens * 
on accommodation for near objects. (E. Landolt.), 

third nerve. * It should further be noted that although the act is a 
voluniary one, the fibres of the ciliary muscle and of the spliincter 
pupillas are of the' plain variety. 
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The account of accommodation as given in the preceding pages is true for man 
and other mammals, some birds, and certain reptiles. 

Beer has, however, shown that in many animals lower in the scale the 
mechanism of accommodation varies a good deal, and is often reiy different from 
that just described, consisting, in fact, in a power of altering the distance between 
the lens and the retina. 

In bony fishes, the eye at rest is accommodated for near objects ; in focussing 
for distant objects the lens is drawn nearer to the retina by a speciah muscle called 
the retractor lentis. In some molluscs the retractor lentis is absent and the 
approach of the lens to the retina is brought about by an alteration of intra-ocular 
tension. In amphibia and most snakes, the eye at rest is focussed for distant 
objects ; in accommodating for near objects the lens, by alteration of intra-ocular 
tension, is brought forward, that is, the distance between it and the retina is 
increased. There appear to be not a few animals in all classes which do not possess 
the power of accommodation at all. Indeed Barrett states this is so for most 
mammals. 

Range of Distinct Vision. Near-])oint , — In every eye there is a 
limit to the po\Yer of accommodation. If a book is brought nearer 


m n I 



Fio. 2G3. — Diagram of experiment to ascertain the minimum distance of distinct vision. 


and nearer to the eye, the type at last becomes indistinct, and cannot 
be brought into focus by any effort of accommodation, however 
strong. This, which is termed the near-point, can he determined 
by Schemer’s experiment. Two small holes are pricked in a card 
with. a pin not more than a- twelfth of an inch (2 mm.) apart; 
at any rate their distance from each other must not exceed the 
diameter of the pupil. The card is held close in front of the eye 
and a small needle viewed through the pin-holes. At a modei’ate 
distance it can be clearly focussed, but when brought nearer, beyond 
a certain point, the image appears double. This point where the 
needle ceases to appear single is the near-point. Its distance 
from the eye can be readily measured. It is usually about 5 
or 6 inches (13 cm.). In the accompanying figure (fig. 268) the 
lens b represents the refractive apparatus of the eye; e and / the 
two pin-holes in the card, nn the retina ; a represents the position 
of the needle. When the needle is at a. moderate distance, the two 
pencils of light coming through e and/ are focussed at a single point 
on the retina nn. If the needle is brought nearer than the near- 
point, the strongest effort of accommodation is not sufficient to focus 
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the ..two pencils, they meet at a point behind the retma. The effect 
is the same as if the retina were shifted 'forward to mm. Two 
images Ji, g are formed, one from each hole. It> is interesting to 
note that when two images are produced, the lower one g really appears 
in the position Q, while the" upper one appears in the position p. 
Tliis may be readily verified by covering the holes in successioni 

Visual Acuity. 

In relation to the visual angle we have seen that unless two 
points are sufficiently apart they appear as one point bn the retina. 
Use is made of this in testing visual acuity. This is done by 
means of test types (Snellen). Each letter is printed within a square 
which subtends an angle of 5 minutes at the distance of 6 metres 
(20 feet) at which the normal' eye should distinguish the letter — 
and 25 smaller squares into which the square may be divided, 
each subtends an angle of 1 minute. The types are of different 
sizes like the arrows in fig. 265, the largest being that which can 
be distinguished at 60 metres and then follow rows of letters 
wliich should be read at closer distances. 

The acuteness of vision is expressed by a fraction of which 
the numerator 'is .6 (i.e. the distance from the chart) and the 
denominator, the distance at which the smallest letters should 
he read by the normal eye. Thus normal vision V ought to 

be Y = ^. A subject with poorer vision might be expressed 

0 

as having Y = that is, at 6 metres, the smallest type he can 
lo 

read is 18 or that which ought to be read at 18 metres’ distance. 
By putting appropriate test lenses in spectacle-frames in front 
of the eye, the lenses necessary to bring the vision to normal may 
be found. 

With a person such as a child a method independent of his- 
answers is desirable and the method of retinoscopy is used. This is 
dealt with fully on p. 751. 

Although in detailed work many tests have been elaborated, 
visual acuity is readily studied. 

A most satisfactory test is the power to read print, but in 
patchy disease of the Petina (scotoma) it is often quite remarkable 
what a degree of retinal damage may be present before there is 
any complaint of failure of vision because the subject learns to 
use unconsciously the healthy part only. 

J The near point gives information, regarding the power of 
jaccommodation and -indirectly of the power of the individual • to 

Idiscern small. objects. 

{ 
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jSTormal persons should be able to read the following easily : — 
Line 1 at 20 inches, line 2 at 30, and line 3 at 40 ; but there 
is little doubt that detailed work demands even higher degrees of 
visual efficiency. Some anthropologists hold that the development 
of visual efficiency together with stereoscopic vision has been chiefly 
responsible for the pre-eminence of the primates (Elliot-Smith). 
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" Defects in the Optical Apparatus, 

Under this head we may consider the defects known as (1) 
Myopia, (2) Hypermetropia, (3) Astigmatism, (4) Spherical Aber- 
ration, (5) Chromatic Aberration, and (6) Presbyopia. 

The normal {emmetropic) eye is so adjusted that at rest parallel 
rays are brought exactly to a focus on the retina. Hence all 
objects except near ones (practically all objects more than twenty 
‘feet off) are seen without any effort of accommodation; in other 
words, the far-poilit of the normal eye is at an infinite distance.^ 
In viewing near objects we are conscious of the effort (the contraction^ 
of the ciliary muscle) by wMch the anterior surface of the lens is 
rendered more convex, and rays which would otherwise be focussed. 
behind the retina are converged upon the retina. 

1. Myopia (short-sight). — ^This defect is due to an abnormal 
elongation of the eyeball. The retina is too far from the lens, 
and consequently parallel rays are focussed in front of the retina, 
and, crossing, form little circles on the retina; thus the images 
of distant objects are blurred and indistinct. The eye is, as it were, 
permanently adjusted for a near-point. Pays from a point near the 
eye are exactly focussed on the retina. But those which issue from 
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any object beyond h certain distance (far-point); cannot be distinctly 
focussed. This'defect is corrected by concave glasses ..which cause the 
ra^s entering the eye to diverge : hence they do not- come to a focus 
so soon. Such glasses, of course, are only needed to give a clear 
vision of distant objects For near , objects, except in extreme cases, 
they are ndt required. {') 

2. HypermetropiaS-^This is the reverse defect. The eyeball 

' is too short. Parallel- rays are focussed * dcMnd the retihajl_.an- 
effort of accommodation is required to focus even parallel Ta^^n the 
retina; and when they are divergent, as in viewing a near object, 
the 'accommodation is insufficient to focus them. Thus, in well- 
marked cases, distant objects require an effort of accommodation, 
and near ones a very powerful effort, and the ciliary' muscle is, there- 
fore,- constantly., acting. This defect is obviated by the use of convex 
glasses," which' render the pencils .of light more convergent. Such 
glasses, are, of course, especially needed for near objects, as in- 
reading, etc. They rest the eye by relieving the ciliary muscle from 
excessive work. ^ 

3. Astigmatism. — This defect, which .'was first discovered by 
Airy, is du e to. ..a.-greater.,curvature of the eye in one meridian than 
,in others. . The eye may be even myopic in one plane, and hyper- 
metropic in others. Thus vertical and horizontal lines crossing each 
other cannot both be focussed at once ; one set stands out clearly, 
and the ■ others are blurred and indistinct. This defect, which is 
present in a slight degree in all eyes, is generally seated in 
the cornea, but occasionally in the lens as well ; it may be 
corrected by the use of cylindrical glasses (i.e., curved only in 
one direction). 

-'4. Spherical Aberration. — The rays of a cone of light from an 
object situated at the side of the field of vision do not meet -all in 
the same point, owing to their unequal refraction; for the refraction 
of the rays which pass through the edge of a lens is greater 
than that of those traversing its central portion. This defect 
is known as spherical - aberration, , and in the camera, telescope, 
microscope, and other optical instruments, it is remedied by the 
interposition of a screen with a circular aperture in the path of the 
rays of light, cutting off all the marginal rays, and only allowing the 
passage of those near the centre. Such correction is effected in the 
eye by the iris, which prevents the rays from passing through any 
part of the refractive apparatus but its centre. The image of an 

. object will be most defined and distinct when the pupil is narrow, 
the object at the proper distance for vision, and the light abundant ; 
so that, while a sufficient number of rays are admitted,, the narrow- 
ness of the pupil may prevent the production of indistinctness of 
the image by ^herical aberration. 
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Distinctness of vision is further secured by the pigment of the 
outer surface of the retina, the posterior surface of the iris and the 
ciliary processes, which absorbs most of the Kght which is reflected 
within the eye, and prevents its being thrown again upon the retina 
so as to interfere with the images there formed. 

5. Chromatic Aherration. — In the passage of light through an 
ordinary convex lens, decomposition of each ray into its elementary 
colours commonly ensues, and a coloured margin appears around 
the image, owing to the unequal refraction which the elementary 
colours undergo. / In optical instruments this, which is termed 
chromatic alerrationy is corre^ed by the use of two or more lenses, 
differing in shape and density, the second of which continues or 
increases the refraction of the rays produced by the first, but by 
recombining the individual parts of each ray into its original white 
light, corrects any chromatic aberration wHch may have resulted 
from the first. It is probable that the unequal refractive power of 
the transparent media in front of the retina may be the means by 
which the eye is enabled to guard agamst the effect of chromatic 
aberration.') The human eye. is achromatic, however,- only so long as 
the image is received at its focal' distance upon the retina, or so 
long as the eye is properly accommodated. If these conditions 
are interfered with, a more or less distinct appearance of colours is 
produced. 

From the insufficient adjustment of the image of a small white 
object, it appears surrounded by a sort of halo or fringe. This 
phenomenon is termed Irradiation, It is partly for this reason that 
a white square on a black ground appears larger than a black square 
of the same size on a white ground. The phenomenon is naturally 
more marked when the white object is a little out of focus. 

6. Defective Accommodation — Presbyopia. — This condition is due 
to the gradual loss of the power of accommodation* which .is an early 
sign of advancing years. In consequence, the person is obliged in 
rea^ng to hold the book farther and .farther away in order to focus 
the letters, till at last the letters are held too far for distinct vision. 
The defect is remedied by weak convex glasses. It is due chiefly to 
the gradual increase in density of the lens, which is unable to swell 
out and become convex when near objects are looked at, and also to 
a weakening of the ciliary muscle, and a general loss of elasticity in 
the parts concerned in the mechanism. (Duke-Elder.) 

Retinoscopy. 

The refractive power of a lens is expressed in terms of its 
principal focal distance; if this is 1 metre, it is said to have the 
refractive power of 1 diopter (I D.); a lens 2 D. has a focal length of 
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^ a metre, and a lens ^ D. has a focal length of 2 metres, and so on. 
The lenses necessary for correcting errors of refraction in an eye are 
best determined by a simple instrument called a retinoscope ; this is_ 
a small circular 'plane mirror, perforated by a hole in the centre 
through which the observer looks. If one reflects a spot of light 
from this on to a flat surface, any movement of the mirror produces 
a movement of the spot of light in the same direction ; if the surface 
selected, however, is the eye of another .person, the direction of 
movement of the illuminated spot on the retina may or may not be 
the same as that in which the mirror is moved, according to whether 
the observed eye is normal, hypermetropic, or myopic. If the 
observed eye is just a metre, away from the observer, and is 
emmetropic, then as the mirror is tilted from side to side the spot 
moves in the , same direction. If a convex lens is placed in a 
spectacle frame in front of the observed eye, the parallel rays which 
emerge from the retina are brought to a focus and cross before' 
reaching the eye of the observer. Then the spot will move in the 
opposite direction to the mirror. A lens of less than 1 D. will not, 
however, accomplish tliis reversal; a lens of more than 1 D. will. 
So that a lens of 1 D., marks the exact point of reversal. If the 
observed eye is hypermetropic, the movement of the spot of light is- 
also with the mirror, but stronger lenses than 1 D. must be intro- 
duced to get the point of reversal. If the lens in any particular 
case necessary for this purpose is 5 D., then the error of refraction 
is 4 D. and spectacles may be ordered accordingly * ; for one always 
has to subtract 1 D., since that is required to get reversal with the 
normal eye. 

When the spot of light moves against the mirror’s movements 
from the first, then the observed eye is myopic, and the myopia is 
greater than 1 D. The “ point of reversal ” is determined by intro- 
ducing concave lenses of increasing strength into the spectacle frame 
until the spot moves in the same direction as the mirror ; the degree - 
of myopia is equivalent to the value of the lens which accomplishes 
the reversal jy/us 1 D. to allow as before for the normal eye. 

Many people have differences in the refractive error of their two 
eyes; so each should be tested separately. If the observed eye is 
astigmatic, the observations are more comphcated, and must be made 
in the different meridians of the eye, and the point of reversal 
determined in each meridian by means of suitable cylindrical 
lenses 

* The full correction often causes discomfort, and in practice is rarely ordered. 
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Functions of the Iris 

•The iris has the following two uses: — 

1. To^ct_as-a-diaphi'agm.m order to lessen spherical aberration 
in _ the manner, just described. This is specially necessary when one 
■wishes to obtain a clearly defined image of an object; the pupil 
therefore contracts when accommodation for a near object takes 
place. 

2. To regulate the amount of light entering the eye. In a bright 
light the pupil contracts ; in a dim light it enlarges. This may be 
perfectly well neen in one’s own iris by looking at it in a mirror 
in a poor light and then in a bright one. 

The muscle-fibres (unstriped in mammals, striped in birds) of 
the iris are arranged circularly around the margin of the pupil, and 
radiatingly from its margin. The radiating fibres are best seen in 
*the eyes of birds and otters; some look upon them as elastic in 
nature, but there is little doubt that they are contractile. Those 
who believe they are not contractile explain dilatation of the pupil 
as due to inhibition of the circular fibres. But if the iris is stimu- 
lated near its outer margin at three different points simultaneously 
the pupil assumes a triangular shape, the angles of the triangle 
corresponding to the points stimulated; this must be due to con- 
traction of three strands of the radiating muscle ; inhibition of the 
circular fibres would occur equally all round./ 

The iris is supplied by three sets of nerve-fibres contained in 
the ciliary nerves. 

(а) The third nerve via the ciliary ganglion and short ciliary 
nerves supplies the circular fibres (fig. 276, p. 770). 

(б) The cervical sympathetic supplies the radiating fibres. The 
cilio-spinal centre which governs them is in the cervical region of 
the cord. The fibres leave the cord by the anterior roots of the 
first and second thoracic nerve, pass into the cervical sympathetic, 
and reach the eyeball via the ophthalmic branch of the trigeminal, 
and long ciliary nerves (fig. 276), 

(c) Fibres of the trigeminal nerve which are sensory. 

Certain drugs dilate the pupil. These are called mvdridiics ; 
atropine is a weU-known example. Others cause the pupil to 
contract. These are called myotics ; physostigmine and opium 
(taken internally) are instances/ Eiliferent drugs act in different 
ways, some exerting their activity on the muscular, others on the 
nervous structures of the iris, while some act centrally on the 
brain. 

We may sum up the principal conditions under which the pupil 
contracts and dilates, in the following table : — 
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Causes of — 

Dilatation of the Pupil. 

1. Paralysis of the third nerve. 

2. Stimulation of the cervical 
sympathetic. 

3. In the dark. 

4. When the accommodation is 
relaxed. 

5. Under the local influence of 
atropine. TMs drug also - 
paralyses the ciliary muscle. 

6. In asphyxia. This is an 
important danger-signal in 
anaesthesia. 

7. The injection of adrenaline. 

8. Under the influence of cer- 
tain emotions, such as fear. 

9. During pain. 

10. In ether anaesthesia. 

Tliere is a close connection of the centi'es that govern the activity 
of the two irides. If one eye is shaded by the hand, its pupil will 
of course dilate, hut the pupil of the other eye will also dilate. 
The two pflpils always , contract or dilate together but may be 
prevented from doing so by local injury to the nerves of one side 
or the local action of drugs. 

Functions of the Retina. 

■ The retina is the nervous coat of the eye ; it contains the layer 
of nerve-epithelium (rods and cones) which is capable of receiving 
the stimulus of light, and transforming it into a nervous impulse 
which passes to the. brain by the optic nerve. 

The layer of rods and cones is at the back of the other i 
retinal layers, which the light has to penetrate before it. can ; 
affect this layer. The proofs of the statement that this is the ; 
layerUif 'the 'retina which is capable of stimulation by light are 
the following: — 

(1) The point of exit of the optic nerve from the retina, 
where the rods and cones are absent, is insensitive to light, and is 
called the blind spot. This is readily demonstrated by what is known 
as Mariotte’s experiment. If we direct' one eye, the other being 
closed, upon a point at such a distance to the side of any object, 
that the image of the latter must fall upon the retina at the point of 
entrance of the optic nerve, this image is lost. If, for example, we 


Contraction of the Pupil. 

1. Stimulation of third nerve. 

2. Paralysis of cervical sym- 

pathetic. «• 

'3. When the eye is exposed to 
light. 

4. When accommodation occurs. 

5. Under the local influence of 

physostigmine. 

6. Under the influence of opium. 

7. During sleep. 

8. In chloroform antesthesia in 

which a dilated pupil is a 
sign of danger.' 
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close the left eye, and look steadily 3 ;\dth the right eye at the dot 
here represented, while the page is held about six inches from the 

® ' ♦ 

eye, both dot and cross are visible. On gradually increasing the 
distance between the page and the eye, still keeping the right eye 
stoadily on the dot, it will be found that suddenly the cross dis- 
appears from view, because its image has fallen on the blind spot; 
on remo\dng the book still farther, it comes in sight again. The 
question has arisen why we are not normally conscious of a gap in 
the image. We can only say that owing to the spot' being blind 
from birth onwards we have come to neglect its blindness. The 
size of the blind spot at a given distance may be used to measure 
the optic disc (see p. 743). 

(2) In the fovea centralis, in which the layers of the retina are 

tliinned down to a minimum, light produces the greatest effect. 
In the macula lutea cones occur in large numbers, and in the'foyea 
centralis cones without rods are found, whereas, in the rest of 
the retina which is not so sensitive to Light, there are fewer cones 
than rods. 

(3) If a small lighted candle is moved to and fro at the side of 
and close to one eye in a darkened room, while the eyes look steady 
forward on to a dull background, branching Purklnje's figures 
are seen floating before the eye, consisting of dark* lines on a 
reddish ground. As the candle moves, the flgure moves in the 
opposite direction, and from its whole appearance there can be no 
doubt that it is a reversed picture of the retinal vessels pro- 
jected before the eye.* This remarkable appearance is due to 
shadows of the retinal vessels cast by the candle; and it is only 
when they are thrown upon the retina in an unusual slanting 
direction that they are perceived. The branches of these vessels are 
distributed in the nerve-fibre and ganglionic layers ; and since the 
light of the candle falls on the retinal vessels from in front, the 
shadow is cast behind them, and hence those elements of the retina 
which perceive the shadows must also lie behind the vessels. Here, 
then, we have a clear proof that the light-perceiving elements are 
not the inner, but one of the external layers of the retina ; further 
than this, calculation has sho^yn it is the layer of rods and cones. 
The data for such a calculation are — the dimensions of the eyeball, 
the distance of the screen from the eye, the angle through which the 
candle is moved, and the displacement of the figure seen. 

The Function of the Rods and Cones . — The concentration of the 

* Purkinje’s figures can be more readily seen by simply looking steadily 
down a microscope, and moving the whole instrument backwards and forwards, or 
from side to side, while so doing. 
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cones in the macula immediately beliind the centre of the pupil and 
■ the fact that each cone has a separate nerve-fibre indicate that the 
cones are, concerned with acuity of vision. ■ 

The rods on the other hand are grouped together and are located 
more in the .periphery. In birds which fly at night the cones are 
.absent. 


Changes in the Retina during Activity. 

The method by which a ray of light is able to stimulate the 
endings of the optic nerve in the retina in such a manner that a 
visual sensation is perceived by the cerebrum is not yet understood. 
It is supposed that the change effected by the agency of the light 
which falls upon the retina is a physico-chemical alteration in the 
protoplasm, and that this change stimulates the optic nerve-endings. 
A certain temporary reddish-purple pigmentation (visual purple) 
is found in the outer limbs of the retinal rods in certain animals 
(e.ff. frogs) which have been hilled in the dark. The visual purple 
is bleached when the retina is exposed to light, and reappears 
when the hght is removed, and it also undergoes distinct 
changes of colour when other than white light is used. If the 
operation is performed quickly enough, the . bleached image of 
a bright object may be fixed on ,the retina by soaking the retina of 
an animal which has been killed in the dark, in alum solution. 

The visual purple is derived in some way from the black 
pigment (melanin or fuscin) of the polygonal epithehum of the 
retina, since the colour is not renewed after bleaching if the retina 
is detached from its pigment layer. 

Certain pigments, not sensitive to light, are contained in the inner 
segments of the cones. These are oil globules of various colours, 
red, green, and yellow, and are found in the retinm of marsupials (but 
not other mammals), birds, reptiles, and fishes. Nothing is known 
about the yellow pigment of the yellow spot. 

In the lower vertebrates another change, produced by the action 
of the light upon the retina is the .movement of tlie ^ pigment 
cells. ^ On being stimulated by light the granules of pigment in the 
cells which overlie the outer part of the rod and cone layer of the 
retina pass into the processes of the cells, which hang down between 
the rods ; these melanin or fuscin granules are generally rod-shaped, 
and look almost like crystals. A movement of the cones and 
possibly of the rods also occurs; in the light the cones shorten, 
and in the dark -they lengthen (Engelmann). In mammals rapid 
changes in the size of the pupil appear to make this unnecessary. ■ 

JRed Light has no action .on visual , purple ; the maximum bleach- 
ing effdct takes place in greenish- yellow lig ht. Now, when the living 
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eye is brought into a condition of “ dark-adaptation,” that is, when 
the retina has become adapted to light of low intensity, the colours 
of the spectrum alter in brightness ; t he re d-end_becomes.shortened 
and much darker ; the blue end becomes brighter, and the region of 

maximum brightness is in the green This -change of Jjrightnesa 

■with~~cIiange'r hl"a dapiation, -known as ^Purkinje’s_phenoinenpn, is. 
absent in the fovea, where there are no rods. The selective action 
of the colours of the spectrum on the visual purple is so strikingly 
similar to the altered conditions of brightness just described that 
changes in the visual purple of the rods have been supposed to be 
the cause of sensations excited by feeble illumination (i.e. in the 
"dark-adapted” eye), while the cones are affected under more 
ordinary, conditions of illumination. This conclusion gains support 
from several interesting facts.. Visual purple is specially abundant 
in the retinse of almost all animals w;hose habits are nocturnal, or 
which live underground. Further, if the intensity of a cpl6ur stimulus 
is gradually increased, it is at first too faint to produce any sensa- 
tion ; then it produces a sensation of greyness, and at last the colour 
itself is seen; the interval between the appearance of the grey or 
white-black effect and of the true colour effect of the stimulus is 
spoken of as the “photo-chromatic interval." Red light has no effect 
on visual purple, and has no photo-chromatic interval (that is, it 
appears either red or nothing), and according to several observers, 
there is no such interval at the fovea, where the rods, and therefore 
visual purple, are absent. Thirdly, a very similar effect has been 
described by M'Dougall, when the retina is momentarily stimulated 
by a coloured light; the sensation arising from the stimulus is 
followed by a series of ‘‘ primary responses ” or after-sensations ; the 
first members of the series have the same colour as the' stimulus, 
and these are sometimes followed by a series of colourless (grey) 
sensations ; these grey sensations are only present outside the fovea, 
and imder conditions of “ dark-adaptation ” are absent' with red and 
brightest with green stimuli. Here again we are able to differentiate 
between a visual-purple (rod) effect and a cone effect, the former, 
active under conditions' of feeble illumination, affected most by green 
and unaffected by red light, and yielding colourless sensations'; the 
latter being more specially concerned in developing sensations of 
colour under conditions of adaptation to ordinary light. The fovea 
centralis thus becomes the region where the colours of objects -are best 
distinguishable, and where with ordinary illumination visual acuity is 
most marked. In the dark, however, extra-foveal (rod) vision is more 
sensitive than foveal (cone) vision ; astronomers see faint stars more 
readily in the periphery of the field of vision. (See Hecht, 1937.) 

Night Vision. — It has long been known that many persons suffer from 
varj-ing degrees of inability to see in a bad light, but the testing of soldiers 'for 
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night duties has indicated that minor degrees of the condition are much more 
common than hitherto imagined. It is of great practical importance in those who 
drive vehicles or pilot aircraft at night. A normal person ought to be fidly dark- 
adapted in ,30 minutes but after the age of thirty it takes longer. The Army 
has adopted an arbitrary standard of a large “ V ” mounted in five different positions 
on a translucent screen behind which is a small lamp, the light from ‘which can be 
varied. The subject is asked to write down the position of the V’s which he is 
shown one by one. The night vision is recorded as etc., according to the 

number of Y's seen. Night vision may also be recorded in terms of the minimum 
duration of a flash of light which the subject can perceive when dark adapted. 

• It has now become apparent that the condition is produced by lack ^of 
vitamin A. It is suggested that in the dark, vitamin A is transformed ' by 
combination with protein into visual purple and that light converts the visual yellow 
back into colourless substances and vitamin A. In night blindness benefit may 
accrue from the administration of this vitamin, but experience with night fighter 
pilots indicates that there is great individual variation, possibly dependent on 
hereditary factors in the power to see in a poor light. 

Night blindness may also occur from slight degrees of oxygen want, such as 
prolonged flying at 10,000 feet. This may show itself by an apparent increase in 
.the size of the blind spot, presumably because there is an area around it which is 
shaded from light by the radiating fibres of the optic nerve. Pilocarpine also, has 
been found an effective drug in such cases, and this is also interesting because Jt 
hastens the regeneration of visual purple in the extirpated eye. 

The electrical variations in the retina under the influence of light were 
discovered by Holmgren (1866), and since then have been investigated by 
M*Kendrick and Dewar, Einthoven, Waller, and others. The excised eyeball of 
a frog is led off by non-polarisable electrodes to a galvanometer. One electrode 
is placed on the front, the other on the back of the eye. If the eyeball is quite 
fresh, a current is observed passing through the eyeball from back to* front. When*" 
light f^lls on the eye this current is increased ; on shutting off the light there is a 
momentary further increase, and then the current slowly returns to its previous . 
condition. 

More recently the currents of action in the optic nerve of the eel (which is a 
conveniently long nerve) have been investigated by Adrian, who has found that 
the general laws applying to general sensation are applicable to the currents of 
action set up in the eye. The general law of Weber has been shown to apply, and 
adaptation occults as in the nerve-endings concerned in pain. 

The limits of visibility are 3S00 A.U. in the violet and 8000 A.U. in the red. 

,, .Duration yof Visual Sensations.— The duration of the sensation 
produced by a luminous impression on the retina is always greater 
than that of the impression which produces it. However brief the 
luminous impression, the effect, on the retina always lasts., for about 
■one-eiglrth of a second. Thus, supposing an object in motion, say a 
horse, to be revealed on a dark night by a flash of lightning. The 
object 'frould be seen apparently for an eighth of a .second,, but it 
would not appear in motion; because, although the image remained 
on the retina for this time, it was really revealed for' such an 
extremely short period (a flash of lightning lasting only a millionth 
of a second) that no appreciable movement on the part of the 
object could have taken place in ’the period' during which it was 
revealed to the retina of the observer. The same fact is proved in 
a reverse way. The spokes of a rapidly revohong wheel are_ not 
seen as distinct objects, because at every point of the field of vision 
over which- the revolving spokes pass, a given impression has not 
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faded before another replaces it. Thus every part of the interior of 
the wheel appears occupied. 

The stimuli which excite the retina are exceedingly slight ; for instance; the 
minimum stimulus in the form of green light is equal in terms of work to that which 
is done in raising a ten-millionth part of a milligramme to the height of a millimetre, 
and even some of this is doubtless wasted in the form of heat. The time during 
which the stimulus acts may be excessively small ; thus light from a rapidly rotating 
mirror is visible even when it only falls upon the retina for one eight-millionth part 
of a second. Some physiologists have drawn an analogy between retinal and ^ 
muscular excitations. There is no complete analogy, but the following points of 
resemblance may be noted ; — 

1. The retina, like the muscle, possesses a 

f store of potential energy, which the stimulus 

serves to fire ojff. 

2. Fatigue on action and recovery after rest 
are noticeable in both. 

S. The curve of retinal excitation, like the 
muscle curve, rises not abruptly but gradually 
to its full height, and on the cessation of the 
stimulus takes a measurable time to fall again, 
the retinal impression outlasting the stimulus by 
about one-eighth of a second. 

4, With comparatively slow intermittent 
excitation, the phenomenon known as flicker. 
takes place; this may bp shown by the slow 
rotation on Maxwell’s machine of a disc painted 
with alternate black and white sectors. This 
roughly corresponds with what in a muscle is 
called incomplete tetanus. 

5. When the rate of stimulation is increased, 
as by increasing the speed of rotation of the disc 
just alluded to fsay to twenty or thirty times a 
second) the resulting sensation is a smooth one 
of greyness. This fusion of individual stimuli 
into a continuous sensation does not by any 
means correspond to the complete tetanus of 
muscle, for the resultant sensation has a bright- 
ness corresponding not to a summation of the 
individual rasing sensations, but to a brightness 
which would ensue if the stimuli were spread 
p.' evenly over the surface of the disc. (Talbot’s 

Law. ) 






Fio. 2C9.— The oplithalinoscope. The 
BmBlJ upper mirror is lor direct, the OphthalmOSCODe. 

larger for indirect, jUumination. ^ ^ 

Everyone is perfectly familiar with 
the fact that it is quite impossible to see fundus or back of another 
person’s eye by simply looking into it. The interior of the eye forms 
a perfectly black background.*' The same remark applies to the 


* In some animals {e.g, the cat), the pigment is absent from a portion of the 
retinal epithelium ; this forms the TapeUim lucxdum. The use of this is supposed to 
be to increase the sensitiveness of the retina, the light being reflected back through 
the layer of rods .and cones. It is probably the case that these animals are able 
to see clearly with less light than we can, hence the popular idea that a cat can see 
in the dark. In fishes a tapetura lucidum is often present; here the brightness 
IS increased by crystals of guanine. x 0'^'' ! 
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aiflficulty we experience in, seeing into a ropm from the street through 
the window unless the room is lighted within. In the eye this fact 
is partly due to the feebleness of the Hght reflected from the retina, 
most of it being absorbed by the retinal, pigment but far more' to the 
fact that every such ray is reflected. straight. to the source of light 
{e,g. candle), and cannot, therefore,, be seen “by the unaided eye with- 
out intercepting the, incident light from the candle as well as the 
reflected rays from the retina. This difficulty is surmounted by the 
use of the ophthalmoscope. 

The ophthalmoscope was invented by Wharton Jones, forgotten, 
then reinvented by Helmholtz ; as a mirror for reflecting the hght 
into the eye, he employed a .bundle of tliin glass plates ; this mirror 
was transparent, and so he was able to look through it in the same 
direction as that of the rays of the hght it reflected. 

In its most modern form a concave mirror is mounted on a 
handle, and is perforated in the centre by a small hole through 
which the observer can look while the hght is supplied from a small 
electric bulb in the handle of the instrument. 


/ The methods of examining the eye with this instrument are— the direct and the 
indirect .'.both methods of investigation should be employed. A drop of a solution 
of atropine sulphate (two per cent.) or of homatropine hydrobromide should be 
instilled about twenty minutes before tlie examination is commenced ; the ciliary 
muscle is thereby paralysed, the power of accommodation is abolished, and the 
pupil is dilated. This vdll materially facilitate the examination; but it is quite 
possible to observe all tlie details to be presently described ^vithout the use of 
such drugs. The room being now darkened, the observer seats himself in front 
of the person whose eye he is about to examine, placing himself upon a some- 
what higher level. Let us suppose that tlie right eye of the patient is being 
examined. If the instrument is not supplied with an electric light, a brilliant and 
steady light is placed close to the left ear of the patient. 

Direct method. — Taking the small mirror in his right hand, and looking 
through the central hole, the operator directs* a beam of light into the eye of the 
patient. A fed glare is seen, due to the illumination of the retina. The patient is 
then told to look at the little finger of the observer’s right hand as he holds the 
mirror ; to effect this the eye is rotated somewhat inwards, and at the same time the 
retina changes from red to a lighter colour, owing to the reflection from the optic disc. 
The observer now approximates the mirror, 'with his eye to the eye of the patient, 
taking care to keep the light fixed upon the pupil so as not to lose the reflex. At 
a certain point, which varies with different eyes, but is usually reached when there 
is an interval of dbout two or three inches between the observed and the observing 
eye, the vessels of the retina become visible. Examine carefully the fundus of the 
eye, t.e., the red surface — until the optic disc is seen; trace its circular outline, and 
observe the small central white spot, the porus opticus, or physiological pit: near 
the centre is the central artery of the retina* breaking up upon the disc into 
branches ; veins ‘ also are present, and correspond roughly to the course of the 
arteries. Trace the vessels over Hie disc on to the retina. Somewhat to the outer 
side, and only visible after some practice, is the macula or yellow spot^ which 
appears red with the ophthalmoscope, with Hie smaller lighter-coloured /ov^a centralis 
in its centre. This constitutes Hie direct method of examination ; by it the various 
details of the fundus are seen as they really exist, and it is this method which 
should be adopted for ordinary use (fig. 270 ). 

If the observer is myopic or hj^ermetropic, he will be unable to employ the 
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direct method of examination until he has remedied his defective vision by the use 
of proper glasses. 

In the Indirect method the patient is placed as before, and the operator holds 
the large mirror in his right hand at a distance of twelve to eighteen inches from the 
patient's right eye. At the same time he rests his left little finger lightly upon the 
patient's right temple, and holding a convex lens between his thumb and forefinger, 
two or three inches in front of the patients eye, directs the light through the lens 



into the eye. The red reflex, and subsequently the white one, having been gained, 
the operator slowly moves his mirror, and with it his eye, towards or away from the 
face of the patient, iintil the outline of one of the retinal vessels becomes visible, 
when very slight movements on the part of the operator will suffice to bring into 
view the details of the fundus above described ; more of the retina is seen at a time, 
but the image will be much smaller and inverted. The appearances- seen are 
depicted in fig. 270, The lens should be kept fixed at a distance of two or three 
inches, the mirror alone being moved until the disc becomes visible : should the 
image of the mirror, however, obscure the disc, the lens may be slightly tilted. 



Figures 271 and 272 show diagrammatically the course of the rays of light 
Fig. 271 represents what occurs when employing the direct method. S is the 
source of light, and M M the concave mirror with its central aperture, which reflects 
the rays ; these are focussed by the e 5 ’’e E, which is being examined, to a point 
in the vitreous humour, and this produces a diffuse lighting of the interior of the 
eyeball. Rays of light issuing from the point p "emerge from the eye parallel to 
one another, and enter the observer's eye ; they are brought to a focus on the 
retina as the eye is accommodated for distant vision. Similarly the point m and n 
will give rise to images at and respectively. 

Fig. 272 represents what occurs in examining the eye by the indirect "method. 
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S is the source of light, M M the mirror, E the observed, and the observing 
eye as before. Thd rays of light are reflected from tlie mirror and form an image 
at 5 they then diverge and are again made convergent by the lens L held in front 
of the eye by the observer ; by this means a second image is focussed just behind 
the crystalline lens of the eye E. They then again diverge and diffusely light up 
the interior of the eyeball. The rays of light reflected from two points t and m on 
the retina diverging from tlie eye are refracted by the glass lens L, and give an 
inverted real image larger than the object t m.' These latter rays then diverge, 
and are collected and focussed by the observing eyfe E’ to give an image on 
the retina. 


The Perimeter, 

This is an instrument for mapping out the field of vision. It 
consists of a graduated arc, wliich can be moved into any position. 



and which when rotated traces out a hollow hemisphere. In the 
centre of this the eye under examination is placed, the other eye 
being closed. The examiner then determines on the surface of the 
hemisphere those points at which the patient just ceases or just 
begins to see a small object moved along the arc of the circle. These 
points are plotted out on a chart graduated in degrees, and by con- 
necting them the outline of the field of vision is obtained. 

Fig. 273 shows one of the forms of perimeter very generally 
employed, and fig. 274 .represents one of the charts ppvided with the 
instrument.* The dark line represents the normal average field of 
' visio m for the^right„ eye. It will be seen that the field of vision 
is rnost extensive on the outer side ; it is less on the inner side 
because'of the presence of the hose. Considerable personal variation 
occurs. The b^d.i8ppjb^ay'also be' mapped out. 

* By the use of illuminated objects in a dark room still more detail may be 
obtained and even the paths of the retinal arteries made oiit. (Livingston.) 
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the purity, and the amplitude of the. light-wave ; but they are also 
dependent on the local or general condition of the cerebro-retinal 
apparatus at the time, of stimulation. Colours also differ (4) in 
brightnpss or luminosity; tliis is a purely psychological quality 
devoid of any known physical counterpart. The brightness of a 
colour may be measured by determining the shade of grey to which 
it appears equivalent. Even the most . saturated colours (for 
instance, yellow and blue) have different degrees of brightness. 

Colourless sensations include the grey series from the deepest 
black to the most blinding white. 

If a ray of 'sunlight is allowed to pass through a prism, it is 
decomposed by its passage into rays of different colours, which are 
called the colours of the spectrum;* they are red, orange, yellow, 
green, blue, indigo, and violet. The red rays are the least turned out 
of their course by the prism, and the violet the most, whilst the other 
colours occupy in order places between these two extremes. The 
differences in the colour of the rays depend upon the rapidity of 
vibrations producing each, the red rays being the least rapid 
and the*violet the most. In addition to these, there are other rays- 
which are invisible but which have definite properties ; those to the 
left of the red are less refrangible, being the infra-red or calorific 
rays which act upon the thermometer, ' while those to the right 
of the violet, which are called the actinic or ultra-violet rays, 
have .a powerful chemical action. 

White light may be built from its constituents in several ways, 
for instance, by a second prism reversing the dispersion produced by 
the first, or by causing the colours of the spectrum to fall on the 
_ retina in rapid succession. The best way to study the effects of 
-compounding successive colour stimuli is by means of a rapidly 
revolving disc to which two or more coloured sectors are fixed.. 
Each colour is viewed in rapid, succession, but owing to the per- 
sistence of retinal impressions, the constituent colour stimuli give a 
single sensation of colour. 

A colourless sensation can be produced by the mixture of three 
colours, or even of two colours in certain hues and proportions. 
These pairs of colours, of which red and greenish-blue, orange and 
blue, and violet and yellow are examples, are called complementary. 

Thus blue and orange, when rotated on the colour-wheel, produce a colourless 
sensation ; but it is well known that a mixture of blue and orange paint gives green. 
This is explained on the supposition that the colours used are not pure and that 
each contains green ; the true blue and- orange present neutralise each other to 
produce white, and thus green is the only colour sensation obtained. , 
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Colour Vision. 

All visual sensations show the usual peculiarities of sensations, 
that is, they, possess differences in quality, in intensity 'and 'in 
position. The intensity factor is related to the frequency of 
impulses up the optic nerve. The position depends^ upon the 
pattern formed on the retina and on stereoscopic vision. The 
quality remains to be considered. 

The visual sensations can be analysed psychologically into six 
distinct ones, namely, white, black, blue, green, yellow and red. 
This means that we cannot recognise any mixture in these 
sensations, but we can analyse other colours into them, e.g,, blue- 
green is a combination of blue Vith green. 

The physical cause of- visual sensations consists of radiations of 
certain wave-Jengths forming the visible spectrum or li^ht. Certain 
sensations cannot be produced by any single part of the spectrum. 



Fio. 275.— Diagram of the three primary colour sensations. (Young-Helmholtz 
theorj'.) 1 is the red ; 2, green, and S, violet primary colour-sensation. 
The lettering indicates the colours of the spectrum. The diagram 
indicates by the lieight of the curve to what extent the several primary 
sensations of colour are excited by vibrations of ditlerent wave-lengths. 


The sensation of black is produced by a relative deficiency of 
stimulation and the sensation of white can be aroused' by selected 
stimuli from two or more parts of the spectrum up to the, whole 
of the spectrum of selected light sources. Thus we’ see that 
a unitary sensation is not necessarily related to a homogeneous 
stimulation. 

With the exceptipn of black and shades of colours with it all 
colour sensations can be aroused by using mixtures obtained frofn 
three selected regions of the spectrum and the ones selected are 
usually red, green and blue (or violet). This fundamental_relation- 
ship led Young to suggest that, there were three sets „of_nerve fibres; 
one set for each of the three selected colour sensations. This 
trichromatic 'theory was elaborated by Helmholtz who added the 
idea that there were three photosensitive substances in the retina 
which were acted upon to different degrees by the various parts of 
the spectrum. Up to the pres'ent only one photosensitive substance 
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(visual purple) lias been demonstrated, and it is acted upon by the' 
whole of the visible spectruni in a comparable degree to the 
sensitivity of the eye to light. 

A rival theory proposed by Hering is based on psychological 
'considerations. It can be disproved in relation to the sensation of 
yellow. According to Hering’s hj^qthesis the yellow sensation is 
due to a cancelling of photo-chemical effect when stimuli corre- 
sponding to red and to green are 'balanced on the retina'. As a 
sensation of yellow can be produced by binocular fusion in which 
one eye is stimulated to give a red sensation and the other to give 
a green' one, this balancing cannot be in the retina but beyond the 
optic chiasma. ' 

The Young - Helmholtz hypothesis described earlier is not 
satisfactory in explaining red-green confusion. At present the only 
modification of Young’s hypothesis which, according to Koaf, seems 
most satisfactory is hasecl on the presence of coloured globules in 
the retinae of amphibians, reptiles, birds and marsupials. Each of 
these globules is in front of a cone so that that cone can be 
stimulated only by that portion of the spectrum which passed 
through the coloured globule. Unfortunately, these globules have 
never been described in the retina of mammals. On the other 
hand, many mammals may have defective colour vision. (See Eoaf.) 

Defective Colour Vision. — Defective colour vision may be due 
to disease of the eye, but the commonest form is congenital. The 
defect in the usual type is a failure to distinguish the parts of 
the spectrum in the region which gives rise to the sensation of 
yellow. A common defect is a failure to distinguish ’red from 
green, but different types of defective colour -vision are seen 
(see Plate facing p. 766). 

C. J. Burch found that by exposing the eye to bright sunlight in the focus of 
a burning-glass behind transparent coloured screens, it is possible to produce 
temporary colour-blindness. After red light, the observer is for some minutes red- 
blind, scarlet geraniums look black, yellow flowers green, and purple flowers violet. 
After violet light; violet looks black, purple flowers crimson, and green foliage 
richer than usual. ,, After light of other colours, corresponding effects are produced. 
If one eye is made purple-blind, and the other green-blind, all objects are seen in 
their natural colours, but in exaggerated perspective, due to the difficulty the brain 
experiences in combining the images from ,the two eyes. 

By using a brightly illuminated spectrum, and directing the eye to certain of its 
colours, the eye in time becomes fatigued and blind for that colour, so that it is no 
longer seen in the spectrum. Thus, after green blindness is induced, the red 
appears to meet the blue, and no green is seen. If, however, the eye is exposed to 
yellow light, it does not similarly become blind for yellow only, but for red and 
g^een too. This supports the Young-Helmholtz theory, that ^e sensation yellow 
is one compounded of the red and green sensations. By an exhaustive examination 
of the different parts of the spectrum in this way it thus becomes possible to 
differentiate between the primary colour sensations and those which are compound. 
By a study of this kind, Burch concluded that the phenomena of colour vision are 
in accordance with the Young-Helmholtz theory, with the important addition that 
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there is a fourth primary colour sensation, namely, blue. He could not discover 
that colour sensations are related to each other in the sense indie ited by Herino*. 
Each may be exhausted without either weakening or strengthening the others. 
These observations were confirmed by examining in a similar way the colour 
sensations of seventy otlier people, but there are individual differences in tlie 
extent to which the colour sensations overlap. 

Edridge-Green aims at describing facts rather than theories. Normal people 
are hexachroraic, they can name six colours (and eighteen shades) in the 
spectrum ; a few people are more expert and can see a seventh colour — indigo 
between blue and violet, and can distinguish more shades. Colour-blind people 
may be (a) those who can see the whole spectrum and cannot distinguish its 
colours; some can see only two colours in it; (b) those who cannot see either the 
red or the violet end, but can nevertheless discriminate the; colours in the parts 
that are visible; and (c) those who combine both defects. There may be all 
grades of these defects. The colour-blind person is usually a dichromic and can 
distinguish only the two ends of the spectrum as different colours ; if this is com- 
bined with a shortening of the red end, the defect, is more pronounced and more 
dangerous; others are trichromic and can distinguish red, green, and violet; 
between this and the normal there may also be tetra- and pentachromic people. 

How subjects suffering from defective colour vision may view the same object 
is shown by the Edridge-Green parrots (facing). 


Tests for Colour-Blindness. — Th^_ red-green confusio'n is of 
practical . importance as coloured signS^ inust ’*be'"'recognised by 
failway““and' marine 'employees, and to a certain extent by motor 
drivers. 

The most practical test is the use of a lantern showing coloured 
lights, the importance of which was demonstrated by Edridge-Green. 

As colour recognition depends upon the intensity, area stimulated 
and duration of exposure, these factors should be considered, and 
for proper testing small apertures at a suitable distance must be 
employed.^ Matching colours as in Holmgren’s wool test is not 
satisfactory, as the texture, luminosity, etc., furnish ancillary means 
of distinguishing one object from the other. If such tests are 
employed the materials should be of wool, silk, etc., mixed so that 
the surface reflexions will confuse the examinee.' 

A very simple and reliable method is to use pseudp-isochromatm 
plates, that is, figures on which numbers or letters can be detected 
by differences in colour, but the colours are so chosen that the 
person with defective colour vision fails to see the pattern 
recognised by the normal person but may see quite a different 
outline. The best of these is that of Edridge-Green,^in which the 
colours are formed of spots which differ in size and 'purity as well 
as in hue, so that the recognition of the object can be only by the 
difference in hue. 

A number of similar card tests, notably those of Ishihara, have 
been introduced, but are not so satisfactory for testing all varieties 
of colour blindness. 

After-Images , — These are the after-effects of retinal excitation, 
and are divided into positive and negative. Positive after-images 
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resemble the original irnage in 'distribution of brightness and 
colour. In negative after-images bright parts appear dark, dark 
parts bright, and coloured parts in the complementary colours. 

If a bright white object is 'looked at, and the eyelids are then 
closed, a positive after-image is seen which fades gradually, but as it 
fades it passes through blue, violet, or red to orange ; according to 
the Toung-Helmholtz theory, tlrist is explained on the hypothesis 
that the excitation does not decline with equal rapidity in the three 
colour terminals. A positive after-image is readily obtained by 
momentarily looking at a bright object, e.g. a window, after waking 
from sleep. Negative after-images may be seen either by closing 
the eyes or by turning them to a uniform grey surface after viewing 
an object steadily. If the object looked at is coloured, the negative 
after-image seen upon such a background is in its complementary 
colour; this is explained by the Young-Helmholtz theory, on the 
supposition that the colour-perceiving element for the colour looked 
at is the most fatigued, and the terminals for its complementary 
colour least fatigued. On the Hering theory, one colour produces 
anabolic or katabolic effects as the case may be ; on withdrawing the 
eye from stimulation by that particular colour, the opposite phase of 
metabolism takes place and produces the complementary colour.' 

Simulianeotis and Sv^cessive Contrast . — Negative after-images are 
frequently spoken of as phenomena of successive contrast. The 
phenomena of simultaneous contrast are well illustrated by the 
four, figures of the accompanying Plate. In all these .figures the 
oblong grey strip is actually of th6 same brightness. This can easily 
be proved by screening from view the surrounding parts of- the 
figures, which cause the greys to appear different. The grey in I 
appears darker than that in II, wliile the grey in III appears 
yellowish, and in IV reddish. If these effects are not sufficiently 
obvious, they immediately become so when the entire surface is 
covered over with a sheet of thin tissue paper. 

Figs. I and II are examples of brightness contrast ; Figs. Ill 
and IV of colour contrast. . The effects of these two varieties of 
simultaneous contrast may be stated thus : a given grey object looks 
darker when viewed against a bright background than when viewed 
against a dark background; when the background is coloured, it is 
tinged with the complementary colour of the former. 

Helmholtz attributed the effects of simultaneous contrast to 
errors of judgment, and not to altered conditions of the retinal 
apparatus.* But there can be no doubt that simultaneous contrast 
has as simple a sensory origin as successive . contrast (negative after- 

* By “ retina ” here and elsewhere we mean “ cerebro-retinal apparatus. ” We 
have no knowledge of the precise share of retina and brain in the development of 
visual sensations and after-sensations. 
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images). For if either of the two lower figures of the Plate is care- 
fully fixated for about a minute -(fixation of the central dot will 
help to prevent involuntary movements of the eyes), and if the 
gaze is then transferred to a spot on a sheet of white or grey paper, 
not only will the outer squares appear in their complementary 
colour, but also the gi'ey strips will appear tinged, now likewise in a 
complementary colour. So, too,rif a point midway between Figs. I 
and II is fixated, and the Plate held at a suificieht distance for 
both figures to be simultaneously visible, the after-image of the grey 
strip of II will appear darker than that of I. < 

Seeing that simultaneous contrast persists in after-images, 'and 
seeing how generally recognised are its effects (for instance, by the 
painter, who depicts in Hue the shadows cast by an object on the yellow 
sand), it seems far more probable that the part played by the higher 
mental processes consists, not, as Helmholtz supposed, in causing the 
illusion, but in reducing or overcoming it. According to this view, 
experience educates us to see objects in what we know to be their 
real colour, instead of in the colour which would result from the 
operation of simultaneous contrast. Some support is lent to this 
view by the fact that contrast is much enhanced when all irregu- 
•larities are, as far as possible, eliminated from the surface, of the 
object (here, the grey oblong) in which the contrast colour is 
induced, or when that object is made to appear, e.g. by covering the 
whole with tissue paper, to combine with the object (the coloured 
square) which induces the contrast colour, so as to form an apparently 
single object. On the other hand; colour contrast is very markedly 
reduced, if the grey object is outlined in pencil on the tissue paper 
through which it is viewed. Thus, whatever tends to the apparent 
independence of the object in which the contrasting colour is induced 
tends to the reduction of the contrast effect. 

Insisting on the sensory nature of simultaneous contrast, Hering 
'explained if in the following way. He supposed that excitation 
of an area of the retina by a stimulus of given colour or brightness 
simultaneously induces an opposite metabolic process in the same 
colour apparatus in neighbouring areas of the retina. Wlien, for 
example, a part of the retina is being stimulated by blue, the 
anabolic change thus evoked in the yellow-blue’ apparatus simultane- 
ously is supposed to induce a katabolic change in the same apparatus 
in the neighbouring retinal area which is being excited by a 'grey 
stimulus. Consequently, the grey acquires a yellowish tinge. 

Binocular Colour-mixture . — By means of the stereoscope, binocular 
combinations of colour can be obtained. Thus, if one eye is exposed 
to a red disc, and the corresponding portion of the other eye to a 
yellow one, the mind usually perceives one disc of an orange tint; 
but frequently, especially if there be differences of brightness or of 
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form in the two objects, we notice that “rivalry of the fields of 
vision ” occurs, first one then the other disc rising into consciousness. 
A stereoscopic combination of black and white produces the appear- 
ance of metallic lustre ; this is very beautifully shown with figures of 
crystals, one black on a white ground, the other white on a black 
ground. The combination of black and white is interpreted as 
indicating a polished surface, because a polished surface reflects 
rays irregularly, so^ that the two eyes receive stimuli of unequal 
intensity. 

Reference. — Roaf. 

Nervous Paths connected with Vision. 

The correspondence of the two retinae and of the movements of 
the eyeballs is produced by a close connection of the nervous centres 
controlling these phenomena, and by the arrangement of the nerve- 
fibres in the optic nerves. The crossing of the nerve-fibres at the 
optic chiasma is incomplete, and the next diagram (fig. 276) gives 
a simple idea of the way the fibres go. 

Tt will be seen that it is only the fibres from the inner portions 
of the retinae that cross ; and' that those- represented by shaded 
paths from the right side, of, the two retinae -ultimately reach the right 
hemisphere, and those represented by darker lines from the left 
side of the two retinae ultimately reach the occipital cortex left 
hemisphere. The two halves of the retinae are not, however, 
separated by a hard-and-fast line from one another; the two 
halves slightly overlap, which means the central region of each 
retina is represented in each hemisphere. It has been found 
that the macula is represented by a, relatively large area on the 
cortex. 

By studying the action potentials set up in the occipital cortex 
when narrow beams of light are shone upon the different parts of 
the retina, it has been found that each part has a spatial repre- 
sentation in the cortex ; that is to say, a beam of light of a certain 
shape would set up inipulses in an area of a similar shape on the 
cortex. See also “The Sensory Areas of the Cerebral Cortex,” 
p. 639. 

Fig. 276, though diagrammatic, will assist the reader in more 
fully comprehending the paths of -vdsual impulses, and the central 
connections of the nerves and nerve-centres concerned in the process. 
The fibres from the retina to the external geniculate body end there 
by arborising round its cells, and a fresh relay of fibres from these 
cells passes in the posterior part of the internal capsule to the 
cortex of the occipital lobe. Those to the superior corpus quadri- 
gemin-iim are continued by a fresh relay to the nuclei of the 
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nerves concerned in eye-movements (represented by the oculo-motor 
'nucleus in the diagram) ; the axons of the cortical cells pass to the 
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Fio. 270.— Diagram to sliovr the paths of the nervous impulses concerned in sight, also 
those connected with the innervation of the pupil. (Prom JIcDowall's Tht Sdtnct oj 
Signs and Sgrtiptoms.) 


tegmentum, whence a fresh relay continues the impulse to the oculo- 
motor nucleus. 


The Reflexes of the Eye. 

The reflexes in the region of the eye are not only of physiological 
interest, but not infrequently of valuable diagnostic significance. 

The Oonjunctival Reflex. — This reflex is designed to protect the 
cornea from injury, and has for its afferent path the fifth nerve and 
its endings in the conjunctiva. When this path is stimulated the 
impulse passes backwards to the Gasserian ganglion, and thence 
vfa..the-pons to the ocu lo-motor nerve, which brings about closure 
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Visual Judgments. 

The psychicjal or mental processes which constitute the visual 
sensation proper have been studied to a far greater degree than is 
possible in connection with other forms of sensation. 

We have already seen that in spite of the inversion of the 
image in the retina, the mind -sees objects in their proper position 
(see p. 743). ' • 

We are also not conscious of the blind spot. This is partly due 
to the fact that those images which fall on the blind spot of one eye 
are not focussed there in the other eye. But even when one looks 
at objects with one eye, there is no blank, for the reason explained 
on p. 754. 

Our estimate of the size of various objects is based partly on the 
visual angle (p. 742) which they subtend, but much more ’ on the 
estimate we form of their distance. Thus a lofty mountain many 
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Fig. 277. — Diagrams to illustrate how a judgment of a figure of three dimensions is obtained. 

miles off may be seen under the same visual angle as a small hill 
near at hand, but we infer that the former is much the larger 
object because we know it is much farther off than the hill. Our 
estimate of distance is, however, often erroneous, and consequently 
the estimate of size also. Thus persons seen walking on the top of 
a small hiU against a clear twilight sky appear imusually large, 
because we overestimate their distance, and for similar reasons- 
most objects in a fog appear immensely magnified. 

The action of the sense of vision in relation to external objects 
is, therefore, quite different from that of the sense of touch. The 
objects of the latter sense are immediately present to it; and 
our own body, with which they come in contact, is the measure of 
their size. The part of a table touched by the hand appears as large 
as the part of the hand receiving an impression from it, for the part 
of our body in which a sensation is excited is here the measure by 
which we judge of the magnitude of the object. In the sense of 
vision, on the contrary, the images of objects are mere fractions of 
the objects themselves, realised upon the retina, the extent of which 
remains constantly the same. But the mind, into which the 
sensations of vision are incorporated, invests the images of objects. 
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together with the whole field of ■ vision in the retiaa, with very- 
varying dimensions ; the relative size of the iriiage in proportion to 
the whole field of vision, or' of the affected parts pf the retina to the 
whole retina, alone remains unaltered. 

The estimation of, the form of bodies by sight is the result partly 
of. the mere sensation,' and partly of the association of ideas. Siuce 
-the form of the images perceived by the retiaa depends- wholly on 
, the outhne of the part of the retina affected, the sensation alone is 
adequate to the distinction of superficial forms from each other, as of 
a square from a circle. But the idea of a solid body such as a 
sphere, or a cube, can only be attained by the action of the- mind 
constructing' it from the different-superficial images seen in different 
- positions of the eye with regard to the object, and, as shown by 
, 'WTieatstone and illustrated in the stereoscope, from two different 
perspective projections of the object being presented simultaneously 
to the mind by the two eyes. 

A B C 



- Fia. 278. — Diagrams to illustrate visual illusions. 


Thus, if a cube is held, at a moderate^distance before the eyes, 
and viewed with each eye successively while the head is kept 
perfectly steady, A (fig. 277) will be" the picture presented to the 
right eye, and B tha^t seefl by the left eye. 'Wheatstone has shown 
that on this circumstance depends in a great measure our conviction 
of the solidity of an object, or of its projection in relief. If different 
perspective drawings of a soHd body, one representing the image 
seen by the right eye, the other that seen by the left (for example, 
the drawings of a cube. A, B, fig. 277), are presented to corresponding 
parts ,of the two retinse, as may be readily done by means of the 
stereoscope, the mind -will perceive not merely a single representa- 
tion of the object, but a body projecting in relief, the exact counter- 
part of that from which the drawings were made. 

By transposing two stereoscopic pictures a reverse effect is pro- 
duced ; . the elevated parts appear to be depressed, and vice versa. 
An instrument contrived with this purpose , is tQxmedi a pseudoscope. 
Viewed with this instrument a bust appears as a hollow mask, and 
as may readily be imagined the effect is most bewildering. 

The clearness with which the_ details of an object are perceived. 
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irrespective of accommodation, would appear to depend largely on 
the number of rods and cones which its retinal image covers. Hence 
the nearer an object is to the eye (within moderate limits) the more 
clearly are all its details seen. Further, if we want carefully to 
examine any object, we always direct the eyes straight to it, so 
that its image shall fall on the two macul®; where an image of a 
given area will cover a larger number of cones than anywhere else 



Fig. 279. — ZoUner’s lines. 


in the retina. Moreover, as previously pointed out, each cone in the 
macula lutea is connected to a separate chain of neurones. 

The importance of binocular vision is very great. If an object is 
looked at with one eye only, it is impossible to estimate its distance 
by the sense of vision alone. For instance, if one eye is closed and 
the other looks at a wire or bar, it is impossible to tell whether, if 
someone drops a small object, it falls in front of or behind the bar. 

Visual judgments are not always correct; there is a large 
number of puzzles and toys which depend on visual illusions. One or, 
two of the best known are represented in the diagrams on p. 773. 

In fig. 278, A, B, and C are of the same size ; but A looks taller ' 
than B, while o appears to cover a less area than either. The sub- 
division of a space or line increases its apparent size or length. 
In fig. 278 D, ah is equal to he. Vertical distances also are usually 
overestimated. In fig. 279 the long lines are parallel, though they _ 
do not appear so, owing to the influence of the intercrossing lines. 

Geneual Refehences.— Duke-Elder, Byrne. 
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/ 

Most glands have an external duct through which their secretion 
passes, but the ductless glands, as their name suggests, pour their 
secretion internally * into the lymph and the blood-stream. Some 
glands, such as the pancreas, produce both an external and an 
'internal secretion. 

In the very difficult study of the functions of the glands a 
number of courses have been adopted, and each has been applied with 
varying success to each of the glands. (1) Eemoval of the gland ; 
this may he done surgically, or a functional removal of the gland 
may occur as a result of disease. (2) The administration of the gland 
or its extracts to man and animals or the study of pathological or 
artificially induced increases in the activity of the gland. (3) The 
study of its histology and development in the animal, and in different 
animals, also has been of value in throwing light on its functions. 

Some of the substances elaborated by the gland are very active 
but others act very slowly ; practically all are present in too smaH 
amounts even in the blood leaving the gland to permit of reliable 
chemical assay. . " 

Biological methods of assay have to be used. The substances 
elaborated by the glands are known as hormones. 

Some of the ductless glands have already been studied in 
relation to their chief functions, e.g. the thyroid in relation to 
general metabolism, and the pancreas in relation to carbohydrate 
metabolism. The pituitary body and adrenal glands have more 
generalised activities. 

General books on the subject have been written by Sharpey- 
Schafer and by Vincent, who give the historical aspects. 

Otheh General References. — Harrow and Sherwin, Zondek, Hogben, 
Engleback. , 


THE ADRENAL GLANDS, 

These are two triangular bodies, each resting upon the upper 
border of the kidney. '' 

* Hence the term “ endocrine ” given by Sharpey-Schafer. 
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The gland is surrounded by an outer sheath of connective tissue 
and consists of an outside firmer cortex and an inside soft, dark 
medulla. Each portion is developed separately. * ■ 

(1) The cortex ,is divided into columnar groups of cells 
{zona fascmilata). Immediately under the* capsule, however, 
the groups are more rounded {zona glomcrulosa), wliile next to the 
medulla they have a reticular arrangement {zona retimlaris). The 
cells are polyhedral, each with a nucleus, and contain lipoid globules. 

(2) The medulla consists of a coarse meshwork of fibrous 
tissue, in the alveoli of which are masses of multinucleated proto- 
plasm, numerous blood-vessels, sinusoids, and an abundance of 
nerve-fibres and cells. 

The tissue of the adrenal medulla is often called chromapJiil tissue, on 
account of the ready way in which it stains with chromic salts. Such tissue is, 
moreover, not confined to the suprarenal, but is found in scattered patches in the' 
retro-peritoneal region and in many sympathetic ganglia, especially in the 
abdomen. The histological resemblance is accentuated by the presence of 
numerous sympathetic cells in the suprarenal medulla. The chromaphil tissue 
wherever found always yields adrenaline. 

The importance of the adrenal bodies was first indicated by 
Addison, who, in 1855, pointed out that the disease now known 
by his name is associated with pathological alterations of ‘these 
glands. Brown-Sdguard found a few years later that removal of 
the suprarenals in animals is invariably and rapidly fatal. The 
symptoms are practically the same (although more acute) as those 
of Addison's disease, namely, great muscular weakness, loss of 
vascular tone, and nervous prostration. The pigmentation (bronzing) 
of the skin, however, which is a marked symptom in Addison’s 
disease, is not seen in animals. These experiments have been 
confirmed, but more and more evidence has accumulated to show 
that it is the cortex rather than the medulla which is essential 
to life. 


The Functions of Adrenal Medulla. 

The vasoconstrictor action of extract of adrenal medulla was 
discovered in 1893 by Oliver, a practising physician in London 
who found that it constricted the radial artery of Ms child ! Its 
action was subsequently studied by him and Schafer, then Professor 
of Physiolog}’’ at University College, London, and subsequently at 
Edinburgh, and since that time a large amount of work has been 
done. 

Adrenaline . — The active principle may be extracted from the 
medulla of the gland and has been isolated by Takamine and 
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synthesised. It is shown to be. closely related to tyrosine, but the 
exact significance of this fact is . not yet understood. 
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[Adrenaline.] [Tyrosine.] 

Its various actions suggest a preparation for muscular activity. 


• The Action of : Adrenaline. 

Effect on the Girciolation . — If a large dose (0‘5 c.c. of 1-1000 
solution) is injected intravenously it causes a marked rise of blood- 
pressure, as a result of great constriction of the arterioles and, 
probably, of the capillaries (fig. 280). If the vagus nerves have 
l3een cut the effect on blood-pressure is still greater, since the 
drug then causes the heart to contract with greater force and speed. 
This effect may be best shown on the isolated heart perfused with 
Locke’s solution. The slowing of the heart when the vagi are intact 
is" due , partly to the operation of the depressor and carotid reflexes 
(Heymans), and partly to direct action of the drug or increased 
cranial pressure (Anrep and Starling) on the vagus centre. 

Small doses (1-1,000,000 to 1-100,000), however, which probably 
imitate more faithfully the normal physiological secretion, may have 
little or, no effect on the blood-pressure but, as indicated in fig. 280, 
. they very materially influence the distribution of blood in the body, 
transferring it into the muscles from the skin. Such small_doses 
of adrenaline in etherised animals cause a fall of blood-pressure, 
due it appears to the skin and alimentary vessels being thrown out 
of action by the ether and to the fact that the effect on the vessels 
of the muscles is able to show itself (Dunlop). 

The vasoconstrictor action of adrenaline appears to be most 
particularly marked on the vessels of the alimentary canal and the 
skin, although, in large doses, it probably constricts all vessels. If 
a limb is skinned, moderate doses, as shown by the plethysmograph, 
cause the vessels to dilate, although the control normal limb diminishes 
in volume. The coronary vessels like those of the muscles are 
dilated (fig. 280). 

The effect of a large dose on the intestinal vessels is difficult 
.to interpret. If applied directly to them, or perfused through them, 
it constricts, but in the intact animal there is usually a dilatation of. 
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a piece of intestine placed in a plethysmograph. The exact cause of 
this is a subject of debate. 

If a large dose of adrenaline is injected subcutaneously into 



Fio. 2S0.— Record of volume changes of a skinned limb, SLV, and of an intact limb, NL, and of the 
blood*pre33ure of an animal to Tvbicb a minute dose of adrenaline bas been administered 
intravenously. The skin constriction and muscle dilatation are well seen and cannot be ascribed 
to changes in blood-pressure, since these are negligible. (McDowall.) 


unauEcsthetised animals, the rise of blood-pressure may persist for 
several hours as the absorption is slow. 

The motor actions of adrenabne but not the inhibitory are 
reversed by ergotoxine and ergotamine. 
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'Effect on, Metabolism and Bespirationi — ^Adrenaline has also 
an important action in the mobilisation of glucose. It reduces the 
glycogen in the liver, at the same time causing a hyperglycsemia and 
consequent glycosuria. It thus counteracts the effects of insulin. 

It has -been shown also to increase the metabolic rate. In the 
unansesthetised animal, or in ,an animal which has been allowed to 
rest under chloralose anaesthesia, a marked and prolonged increase of 
respiration is evident ; but whether this is secondary to the metabolic 
effect is not clear. 

This is to be distinguished from the better known “ apnoea,” which 
occurs immediately after the injection of a large dose of adrenaline, 
and which has now been shown to be due to impulses which pass up 
in the vagus and from the carotid sinus as a result of the rise of 
blood-pressure (Heymans, Samson Wright). 

Effects on the Alimentary Canal. — If a piece of intestine is 
placed in a bath of Einger’s solution (which contains in addition 
phosphate ions), spontaneous contraction occurs. This is stopped by 
very minute (1-1,000,000) doses of adrenaline. This and other 
experiments indicate that the movements of the alimentary canal 
Ure brought to a standstill by the action of adrenaline. The 
sphincters, ileocolic and pyloric, are . stimulated and food is thereby 
prevented from moving from one region to another (Elliott). The , 
muscularis mucosa is also stimulated (Gunn). 

Other Effects. — Adrenaline also causes dilatation of the bronchi, 
and for this reason it is extensively used in the treatment of 
spasm'odic asthma. Applied locally it also abolishes anaphylactic 
reactions to foreign proteins (see p. 794). 

Although it has been established that adrenaline ' has ho effect on 
muscle tone, it does have an effect in improving muscular contraction 
• (Schafer), and in diminishing muscle fatigue (Nice and Cannon). In 
, part this may be due to improved circulation, but adrenaline has been 
shown to have a beneficial effect on metabolism. 

Adrenaline dilates the pupil and erects the hairs in lower 
animals. The dilatation of the pupil occurs after all nerves to the 
eye have been cut ; indeed, if the nerves have been allowed to 
degenerate, the pupil reaction becomes more sensitive than before, 
a fact which shows clearly that adrenaline, although it- acts like 
the sympathetic, does not act on nerve-endings but possibly 
through an intermediate substance. It does not, however, dilate 
the pupil like atropine if applied directly to the eye. No doubt 
vasoconstriction interferes with its absorption. 

In amphibia, adrenaline causes a contraction of the pigment 
cells of the skin, causing the animal to be pale in colour. The one 
sympathomimetic action which adrenaline lacks is on the sweat 
glands. ' 
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CH. lvil] functions of the adrenal glands 

■ 4 . The most unequivocal results were obtained by Tournade 
(1925), Professor of Physiology in Algiers, who circulated the 
adrenals of an animal (A) with blood to and from another animal (B) 
upon which the- effects on the pupil, heart, and blood-pressure of 
certain procedures applied to A were noted. 

By these various methods it has been shown that the adrenals 
are under the control of the splanchnic nerves which cause secretion. 
Asphyxia and anything which stimulates the sympathetic acts 
similarly, e.g. severe exercise or a fall of pressure' in the carotid 
sinus. The effects of fear and anger in a cat approached by a dog 
produce acceleration of the denervated heart, dilatation of the 
denervated pupil, a rise of the blood sugar (see p. 482) and increased 
respiration. Cannon, therefore, has maintained that adrenaline is 
secreted under conditions of emergency and emotional stress. 
Stewart and Eqgoff, on the other hand, claimed that adrenaline is 
secreted in small quantities during rest, and in fact their strenuous 
opposition to Cannon led to the latter’s discovery of sympathin. 
Tournade, however, has shown that under the usual experimental 
conditions both views are probably right, for he found that the 
normal resting secretion could be inhibited by stimulation of the 
carotid sinus or of the central end of the aortic depressor nerve. 

It will be seen that the secretion of adrenaline will be of con- 
siderable advantage in augmenting the action of the nervous 
mechanisms and, in exercise, that of carbon dioxide, in increasing the 
heart rate, metabolic rate, blood-sugar, and respiration. 

Its activity is potentiated by previous treatment of an organ 
with acetyl-choline. 

Adrenaline is probably of considerable value in the protection 
of the body against cold and in fever (Cramer, Britton and others). 
If the adrenals are removed a given amount of cold causes much 
greater shivering than normally, and the amount of adrenaline in 
the glands is found to be much less than the normal resting value. 
Ho doubt the action of adrenaline assists in protecting the animal 
against cold by constricting the vessels of the skin. 

Another important function of the suprarenal is undoubtedly the 
annulling of the effects of toxic substances, such as histanme, which 
may be absorbed from the intestine or from woimds. ^ Histamine is 
the degradation product of the amino-acid histidine, which is produced 
by the digestion of protein. It may also be demonstrated that 
under suitable conditions there may be a secretion of adrenaline 
when histamine is injected intravenously (Dale and Burn). In 
certain circumstances the rise due to adrenaline secretion may be 
very prolonged. 

Sympathin. — When blood-vessels are constricted by vasomotor 
nerves there is evidence that a clinical substance is released which 
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acts as a humoral transmitter and causes constriction of denervated 
vessels. Some investigators consider that, this substance is 
adrenaline, c.g. Bacq of Liege, bu,t others, notably Cannon and 
Kosenbleutb, find that it is different and prefer the name sympathin. 
The fact that section of the abdominal sympathetic dilates the 
vessels of the muscles of the hind leg suggests that unlike' adrenaline 
it does not dilate the vessels of muscles. 

Refehences. — SharpeV'Schafer, Cannon, GroUman, Britton, 


The Adrenal Cortex. 

The precise function of the suprarenal cortex is still unknown 
but it is evident that most of the disturbances brought about by 
disease or removal of the adrenals are due to loss of the function 
of the cortex, for it has now been found possible to keep adrenal- 
ectomised animals ahve by administering extracts of the cortex. . 
Such extracts have been prepared by Swingle, Pfiffner, Hartman and 
others, but more recently Verzar has found that similar results can 
be brought about by the giving of vitamin B or fiavinphosphoric 
acid. 

In most experiments the rat has been used, as this animal lives 
for about a week after the organ is removed. 

(1) The cortex is particularly rich also in vitamin 0, having three 
times the amount of ascorbic acid present in orange jxdce (Szent- 
Gybrgyi). The presence of such a strongly reducing substance 
suggests that it may be concerned in preventing the destruction 
of the very easily oxidised adrenaline of the medulla. 

(2) There is reason to believe that the hormone is intimately con- 
cerned with the water-salt balance in the body. After adrenalectomy 
sodium and water are lost from the body and dehydration occurs. 
The administration of sodium chloride to patients with Addison’s 
disease is very beneficial. How the hormone acts is unknown; 
it may be by affecting membrane permeability. In death from 
adrenalectomy blood concentration is a marked feature. As a result 
of the loss of sodium there is a marked diminution of the alkali 
reserve which probably reduces neutral fat absorption by lessening 
the alkali available for soap formation. 

(3) The hormone is concerned also in the protection of the animal 
against tlie effects of histamine absorption, for removal of the cortex : 
renders a eat specially sensitive to its toxic effects (Dale, Kellaway 
and Cowell). It has been claimed that death after adrenalectomy is 
due to the capillaries becoming excessively permeable. The lipides 
of the membranes may be involved. 

(4) The cortex has some important relation to the reproductive 
system, as is suggested by its' development. Evidence of this is 





Fio. 2S0n.— (’nst* of acromegaly, sliowiir^ succes^sive stap*s* (Shaq)ey Schafer.) 
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seen in the fact that tumour-overgrowths of the cortex lead in 
male children to premature development of the sexual organs and 
pubic hair, and in females to the appearance of masculine charaeters, 
such as the growth of hair, enlarged clitoris and diminution of the 
breasts (fig. 280a). , When this occurs in adults (virilism) histological 
changes in the cortex are found at death (Vines). It seems possible 
that this is related to the high lipide and clioline contents of the 
cortical cells. The cortex is appreciably larger in the female than in 
the male and enlarges in pregnancy when the blood cholesterol is 
increased. Tins suggests that it has some importance in regulation 
of body activities during pu’cgnancy. 

M'Carrison emphasises also that the cortex is antagonistic to 
the thyroid. 

In conclusion, it may be suggested that probably the functions 
of the cortex are not so diverse as at present appear. It may be 
that eventually these various activities of the hormone will be shown 
to be due to the cortex having some fundamental action affecting 
many processes similarly. 

The Active Principle of the Cortex.— The most important 
principle so far isolated from the cortex is known as corticosterone, 
which is a sterol closely related chemically to the ]n’Ogesterono of 
the corpus luteum (p. 811), with which it is to some extent mutually 
replaceable, each hardng the effect of the other. It prolongs the life 
of adrenalectomised animals. The presence of other hormones 
having various actions like those of the pituitary below have also 
been described. 

RrFEnExcEs. — Broster and Vines, 1933 Swingle, 1932. 


THE PITUITARY BODY. 

This occupies the sella turcica of the sphenoid bone. It may 

be diidded into several parts, which show developmental, structiu’al, 

and functional differences. Its first description was given by P. T. 

Herring (1908) of St Andrews, and this has subsequently been 

elaborated by Hanson (1937), Professor of Neurology in North- 

Western University, tJ.S.A. See fig. 281, p. 784 

(1) The anterior lole is developed as a tubular prolongation from 

the ectoderm of the buccal cavity, but the growth of intervening 

tissue soon cuts off all connection with the mouth. It consists of 

columns of cells separated by blood sinus. The cells are of three 

types, acidophil (staining with acid dyes), basophil staining with 

basic dyes, and chromophobe, which have little affinity for dyes. 

An overgrowth of each type may occur and p'roduce specific 
symptoms. .rr' .r v i _ 
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(2) Tlic 2 micrior lohe . — ^This is connected to the floor of the third 
ventricle, of which it forms a developmental outgrowth; in some 
animals (cat) it remains hollow thi'oughout life, in others (dog) the 
neck alone remains hollow, and in most (including man) both body 
and neck are solid, with traces of a cavity , in the neck. Though 
developed from the brain, it contains in the adult no nen^e cells, but 
consists mainly of neuroglia. It is surrounded and invaded by the 
epithelial cells and colloid matter derived from the pars intermedia. 
It plays the part of a gland in virtue of these epithelial cells. 



(3) The pars intermedia . — This lies between the anterior and 
posterior lobes, and forms a closely fitting investment of the latter 
lobe. It is developed in association with the anterior lobe, and 
consists of finely granular cells arranged in layers closely applied to 
the body and neck of the posterior lobe and the undersurface of 
adjacent parts of the brain. Colloid material occurs between the 
cells and passes into the interior of the posterior lobe, and so into 
the cerebrospinal fluid third ventricle of the brain. 

(4) The pars tuberalis . — This surrounds the stalk by which the 
pituitary body is connected to the brain, at the tuber cinereum just 
in front of the optic chiasma. It has a glandular structure and is 
very vascular and has a special importance because tumours of this 
.region lead to a great deposition of fat and upset of carbohydrate 
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metabolism. Similar results occur from damage to the hypothalamic 
area which probably controls the pituitary secretions. 

The Functions of the Pituitary Body. — It was. recognised by 
Marie, in 1886, and by Marie and Marinesco, in 1891, that increase 
in the size of the pituitary gland was associated with gigantism 
in man ; but it was not until 1895 that Oliver and Schafer, following 
on their discovery of the action of adrenaline, demonstrated that 
extracts of the gland caused a -rise of blood-pressure and other 
important actions. Since that time a large mass of evidence has 
accumulated to show that, as the development of the organ would 
lead one to expect, its two main lobes have widely different functions. 

The Anterior Lohe — (a) Exjpcrimental Evidence. — (i) Extirpation 
of the whole gland, though, owing to the inherent difficulties of the 
operation, frequently fatal, has been carried out successfully by, 
many observers, thereby demonstrating beyond doubt that no part 
of the gland is essential to life (Horsley, 1886 ; Smith, P. E., 1927). 
Even partial removal of the anterior lobe, however, prevents growth 
(Sutherland Simpson) and total removal is followed by atrophy of 
the gonads, thyroid, and adrenal cortex. 

(ii) G-rafts of the anterior lobe were found by Smith to prevent 
these results in rats. 

(iii) When administered orally to mammals the active substances 
of the anterior lobe are destroyed in the stomach, but Uhlenhuth of 
Toronto succeeded in producing giant salamanders, and this was 
the first experimental proof of the actmty of anterior lobe extracts. 
Later, Long and Evans (1921), using peritoneal injections of emulsions 
of the lobe, produced gigantism in young rats. A stimulating effect 
on other endocrine organs has been similarly produced, and conversely 
the dwarfing and atrophic effects have been checked in experimental 
animals and also in human subjects of Simmonds’ disease. 

(b) Clinical Evidence . — Deduction from the results of pituitary 
disease in man has afforded the greater part of our knowledge^ of 
the functions of the anterior lobe. Up to the present the following 
relationships between dysfunction and clinical condition have been 
fairly well established. 

The following clinical conditions are due to pituitary or hypo- 
thalamic lesions. They may be summarised in advance. 


rHyperactmty 


Anterior 
Dyspituitarism -[ 


l^Hypoactivity 


Chromophobe (adenoma), pressure symptoms only. 

. , 1 M / j \ ( Gigantism \ pressure symp- 

Acidophil (adenoma) |j^cromegaly J tom common 

Basophil (adenoma) Cushing’s syndrome— pressure 

symptoms rare 

/ Lorain-Levi infantilism 
\ Simmonds’ disease 


Overactivity — Gigantisin , — This is due to acidophil hyperactivity 
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during the growth of the long bones, and is characterised by excessive 
stature of the individual who is otherwise normal. The Irish giant, 
described by John Hunter in the eighteenth century, and now in the 
Hunterian Museum, has a markedly enlarged sella turcica. 

Acromegaly . — Acidophil hyperactivity developing after the union 
of epiphyses gives rise to this condition. The long bones are unable 
to lengthen, but enlargement of the skeleton as a whole occurs, 
being most marked in the lower face, hands, and feet; the nose is 
enlarged, the malar bones become more prominent and the jaws 
become massive, separating the teeth. The hands and feet may 
become enormous. Thickening of the soft parts occurs also, and 
accentuates the grossness of the face (see fig. 280b) and extremities. 
The American “ugliest woman in the world” was a typical 
acromegalic. A gorilla-Kke appearance results from the protruding 
jaws, the bent spine and the large hands hanging down to the knees. 
The increased basal metabolism is considered to be due to thyro- 
tropic action. It will be readily understood that gigantism and 
acromegaly frequently occur together. 

Cusliing’s Syndrome . — The symptoms vary much. Prominent 
are adiposity (excluding the limbs), genital dystrophy, polyuria, 
glycosuria, and extreme thirst. Cushing correlates it with basophil 
adenoma of the anterior lobe. 

Undcractivity — Lorain-Levy Infantilism is considered to be due , 
to anterior lobe deficiency, more especially of the ^'owth-producing 
and gonadotropic hormones. The not unattractive midgets seen at 
shows with perfectly formed miniature bodies and infantile sex 
characteristics are of this type. 

Simmonds’ disease is due to a destructive lesion of the anterior 
lobe, and the sj'mptoms probably represent a general endocrine 
failure from the lack of the stimulating pituitary hormones ; thus 
we get general bodily wasting, including the viscera, premature old 
age, loss of sexual power or sterility, low blood-pressure, and 
intense debility. The condition known as progeria, characterised by 
precocious senility, is probably due to identical causes occurring 
before puberty. The child looks like a wizened old man, but more 
commonly the state occurs in women from forty to fifty and is 
very like Addison’s disease. It has been successfully treated by 
the administration of the adrenotropic of the pituitary. 

The loss of weight is produced in rats whose pituitaries 
have been removed, probably because of excessive carbohydrate 
metabolism, and may be similarly cured. (Hemphill and Eeiss, 
1914.) 

The following three conditions are due to lesions not so definitely 
located as the foregoing, butinvohdng the pituitary and hypothalamic 
regions. 
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Srissmid Type. — This was originally described by Brissaud as 
due to hypothyroidism, but it is now considered that the pituitary 
and possibly the hypothalamus is primarily at fault. The fat boy 
of the Pickioiclc Papers probably represents a typical case. The 
signs are not unlike those of tumours of the adrenal cortex and of 
the parathyroid which may also be involved. There is a progressive 
-increase pf the fat of the upper part of the body, undeveloped sexual ' 
organs, absence of hair except on the head and a strong somnolent 
tendency. 

Pystrophia Adiposo-genitalis (Brohlich’s Syndrome). — Many 
lesions involving the pituitary and neighbouring structures have 
been held accountable for this condition. The signs and symptoms' 
naturally vary but great increase of fat and non-development of 
sexual organs are constant. In males, female characteristics pre- 
dominate and the testes may not descend. There is an increased 
tolerance to carbohydrates. (See fig. 280c.) 

Dialctes Insipidus . — As indicated above, polyuria, great thirst, 
and wasting characterise this disease.- A large number. of lesions 
involving the base of the brain have been described as causative 
factors; in many the hypothalamus has been invol-ved.. The con- 
trolling influence of pituitrin on the polyuria would indicate a 
posterior lobe deficiency, but from what has been said above it may 
be inferred that a hypothalamic lesion may produce a like result. 

The study of the functions of this gland are much complicated 
by' anatomical considerations. • 

1. Owing to the intimate connection of the, several portions of 
the gland to one another a clear-cut picture "of the result of a lesion 
■in any one portion is rarely produced _ either experimentally or 
clinically. 

2. A glance at a median section of the base of the -brain will 
show the relation of the pituitary gland to the optic chiasma and 
the hypothalamus. A pituitary tumour involving the former will 
produce hemianopsia, usually bitemporal (see fig. 276). Involvement 
of the hypothalamus, including the tuber cinereum, will produce 
symptoms peculiar to these structures, e.g. somnolence, obesity, 
polyuria, genital hypophasia, which symptoms are familiar in 
pituitary disturbance. Even though the hypothalamus is not 
directly involved by the pituitary lesion it may be indii'ectly 
affected by alteration in the hormones; thus anterior lobe hormones 
are carried to the hypothalamus by the hypophysio-portal system 
of vessels which break up into capillaries again in the latter region, 
the secretion from the pars intermedia may traverse the hypo- 
thalamus en route via tissue spaces of pars nervosa infundibulum to 
the 3rd yentricle. To the hypothalamus, as mentioned previously, 
is ascribed an intimate association with pituitary activity. According 
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to our present knowledge, therefore, “ hypothalamo-pituitary ” 
interconnection is three-fold : — 

(i) A pituitary tmnour may involve the hypothalamus. 

(ii) A hypothalamic lesion may block the transit of pituitary 

secretion into the system generally. 

(iii) By sympathetic (or parasympathetic) involvement a hypo- 

thalamic lesion may give rise to symptoms ascribed to 
pituitary dysfunction. 

3. The discovery of gonadotropic, thyrotropic, and adrenotropic 
hormones in the anterior lobe, and also of Simmonds’ disease (q.v.), 
has an important bearing on the subject of multi-glandular 
syndromes. 

The Hormones of the Anterior Lobe. — It is now usual to 
consider that the anterior lobe contains a group of hormones. How 
far they are really all different is as yet difficult to say, but they are 
convenient pegs on which to hang existing knowledge. .They are 
given in their probable order of importance. 

1. The growth hormone has already been discussed. Its source 

appears to be the acidophil cells. 

2. The gojiadotropic hormone (Prolan) shows its various effects on 

ovulation and is discussed in relation to the ovary and 
testis. The basophil cells may produce it, but this is 
not certain. 

3. The lactogenic hormone promotes the secretion of milk in 

mammary glands already prepared by the cestrogens and 
progesterone of the ovaries. 

4. The thyrotropic hormone is indicated by the following facts. 

Eemoval of the thyroid leads to increased pituitary 
growth. A hormone can be extracted from the pituitary 
which produces the effects of hyperthyroidism. It has 
no effect on thyroidectomised animals, therefore must be 
considered to stimulate the thyroid gland. 

5. The loss of the adrenotropic hormone is seen in the atrophy 

of the adrenal cortex when the pituitary is removed or 
diseased, wliile the injection of anterior lobe causes 
hypertrophy. (See Swann.) 

G. The metabolic hormones are concerned chiefly with carbo- 
hydrate metabolism. Possibly the most striking evidence 
of the relationship is seen in the absence of diabetes in 
an animal in which both the pituitary and pancreas have 
been removed. We have already remarked on the 
increased carbohydrate tolerance in Prohlich’s syndrome 
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and the great sensitivity to insulin of animals in wliich 
the pituitary is removed. It has also been foimd that the 
administration of the extracts leads to pancreatic degenera- 
tion and diabetes (Young), but since severaf other 
^ substances, Gig. alloxan, or extract of parotid, produce 
similar results it is not certain that the pituitary action 
is of special significance. It may well be that there are 
distinct hormones — increasing resistance to insulin and 
acting . directly on the pancreas — ^but admittedly the 
evidence is all too new to be correctly assessed.' 

The Posterior Lohe and Pars Intermedia. — These.do not appear 
to be so important for life, but they elaborate the substance pituitrin, 
winch causes sorhe very characteristic reactions. Much of the early 
work was carried out with watery extracts, which contain also the 
depressor substances present in most tissues; but by preliminary 
alcoholic extraction these can be removed, and a purer substance is 
thus obtained. The active principle of the posterior lobe is destroyed 
•slowly by boiling but it deteriorates in ‘solution. 

Effect on the Circulation . — The effect of intravenous injection in 
animals is to produce . a marked temporary rise of blood-pressure, 
which, however, is much more prolonged than that due to adrenaline 
and not reversed by ergotoxine. There is marked contraction of all 
the arterioles in the body with the possible exception of those of the 
kidney. The constriction of the skin vessels is very marked, and’ 
often the pallor caused , thereby creates alarm, although it has not 
necessarily any serious significance. Local pallor occurs if the' 
substance is injected intradermally. In spite of this vasoconstriction 
the blood-pressure of man does not rise appreciably, if at all, 
indicating that there is considerable vasciilar compensation. The 
slowing of the heart, which takes place, may be part of the 
compensation. Similar 'compensations are presumably responsible 
for the return of, the blood-pressure to normal in animals, since 
further injections do not cause the same rise of pressure for some 
time. At the same time, it must be emphasised, that it is not 
Icnown whether this vascular action of pituitary extract is in any 
way related to the normal -function of the gland. 

Effect on the Kidney.— In man, or unansesthetised animals, the 
injection of- the extract causes a reduction in the amount of urine 
■ and, for this reason, pituitrin may be used to reduce the amount of 
urine in diabetes insipidus, a condition in which large quantities of 
dilute urine are passed and which is sometimes associated with 
lesions in the region of the pittutary body. The condition of 
diabetes insipidus has now been produced experimentally by the 
removal of the posterior lobe, and this fact, and the effects of 
extracts, suggest that this part of the pituitary secretes an anti- 
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diuretic hormone ; but since the diuresis does not occur if the whole 
pituitary is removed it would seem that a diuretic hormone is 
produced hy the anterior lobe. In normal ^man the antidiuretic 
effect may be conveniently observed by studying the diuresis 
produced by the ingestion of a quantity' of fluid (a) normally 
and (&) accompanied by an injection of the extract. 

In ansesthetised animals, pituitary extract increases the flow of 
urine, apparently as a result of dilatation of the kidney vessels. This 
fact is not related to the rise of blood-pressure which may be caused ; 
since it may be brought about by later doses, which do not cause 
the rise. 

Fffed on the Uterns {oxytocic action). — Of all varieties of plain 
muscle uterine appears to be the most sensitive and therefore 
the uterus of the virgin guinea-pig is used for purposes of the 
standardisation of extracts of unknown strength. It is suspended 
in oxygenated Van Dyke's solution after the manner described for 
the intestine (p. 468). The extract is standardised by comparing 
the contraction produced by an unknown sample with that caused 
by a standard sample; extraordinary dilute solutions (1-10,000,000) 
of pure extract cause contraction. “ Oxytocic ” means “ quickening 
delivery,” and the extract is used with due precautions in obstetrics ; 
but too large doses have been known to cause rupture of. the 
uterus. The fact that cerebrospinal fluid gives the oxytocic test 
suggests that the pituitary secretion enters that fluid. ^It has been 
suggested that such pituitary secretion is responsible for the onset 
of labour, but since its injection does not cause labour in an 
animal not at full time it is evident that other factors are -con- 
cerned. One of these is the presence 'of oestrin, the oestrus producing 
hormone of the ovary. ‘If oestrin is applied to the isolated uterus 
the action of pituitary extract is enhanced. A product '"pitocin” 
is claimed to be almost free from the vasoconstrictor (“ pitressin' ”) 
fraction. 

Effect on other Plain Muscle. — Now that pituitary extract is 
made 'quite free from histamine it has become evident that it is 
not a generalised plain muscle stimulant as was previously thought. 
It does, however, stimulate the intestine and causes milk to be 
driven out of the lactating mammary gland. This is brought about 
by the vasopressor factor. 

Effect on Pigment Cells of Amphi])ia. — Unlike adrenaline, pituitary 
extract injected into a frog causes a darkening of the skin from 
dilatation of the melanophores. This result is brought about with 
very small doses — a fraction of a cubic centimetre of a one in a 
million solution — and it may therefore be used as a test. Eemoval 
of the posterior lobe in the frog, on the other hand, causes con- 
striction of the skin melanophores and, consequently, pallor. The 
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substance which produces this effect appears to be concentrated in 
the pars intermedia (Hogben and Winton). 

Effect on Garloliydrate Meialolism . — As we have seen in relation 
to the anterior lobe, iindergrowth of the pituitary body is associated 
with the accumulation of fats and a high sugar tolerance. What 
exact part the pituitary plays in carbohydrate metabolism 
is not clear, ■ but certain experimental facts are outstanding. 
Posterior extract may cause a slight rise of, the blood-sugar, and 
has the power of antagonising insulin (Burn). It has also been 
shown by Houssay of Buenos Aires that if the pituitary is removed 
at the same time as the pancreas, diabetes mellitus is no longer 
caused, and the animal is abnormally sensitive to insulin. 

Houssay appears, however, to relate this to the anterior lobe 
which increases the formation of glucose from fat or protein. 
Extracts cause a decrease in the blood fat and in liver fat. 

Tlie Control of the Pituitary Body. — As yet there is little 
known'of the subject, but there is increasing evidence, especially by 
a group of Chinese workers, Chang Huang and Wang (independently), 
that it may be reflex, for stimulation of the central, end of the 
vagus causes the appearance in the blood of the pituitary hormones. 
It has been shown that coitus in jth'Q rabbit causes ovulation 
through the activity of the pituitary. It may be that its activity is 
increased by, sexual emotions generally. 

Looking at the subject generally and considering the general 
anatomical relationship of the pituitary, - together with the action 
of its various hormones, it is difficult to escape from the conclusion 
that the pituitary is primarily concerned with growth, reproduction, 
and also the adjustments necessary for the nourishment of the fcntus. 
In • this connection it may be noted that in the eel considerable 
seasonal variation is seen. The organ: increases in size at puberty 
and in pregnancy. If the animal is not allowed to migrate the 
pituitary becomes much enlarged. 

THE THYMUS. 

This gland attains its greatest size soon after birth, and after the 
second year it gradually diminishes, until in adult life hardly a 
vestige remains ; it is then replaced by adipose and connective tissue. 

. , The gland is comj)osed of lymphoid tissue surrounded by a 
fibrous capsule from which processes carrying blood-vessels and 
lymph-vessels pass in to divide it up into lobes, lobules, and follicles. 
Scattered in the lymphoid tissue of the medulla are the concentric 
corpuscles of Sassall, which are nests or islands of epithelial cells cut 
off from the epithelium of the pharynx in process of development.^ 

In hibernating animals, in which it persists throughout life. 
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the gland enlarges, and its cells become laden with fat. as each 
hibernating period approaches. 

Castration retards the atrophy of the thymus, whilst removal 
of the gland hastens the growth of the 'testes, a fact which 
suggests some relationship with the generative organs. 

The thymus is not essential to adult life; indeed, the evidence 
is now very complete that its persistence into adult life may be 
associated with dire consequences. Persons in whom it persists are 
specially liable to die under anresthesia (status lymphaticus), and to 
suffer from myasthenia gravis, a condition of progressive loss of 
power of muscular contraction due either to a failure to elaborate 
acetyl-choline in adequate amounts or to an excessively rapid 
destruction of this substance. The condition is relieved by substances 
like eserine and prostigmine which prevent the destruction of 
acetyl- chohne. 


The Pineal Gland, 

This gland, which is a small reddish body, is placed beneath the corpus callosum, 
and rests upon the corpora quadrigemina. It is composed of tubes and saccules 
lined and sometimes filled with epithelial cells, and containing deposits of earthy 
salts (brain sand). A few small atrophied nerve-cells without axons are also seen. 

In certain lizards, such as Hatteria, and in certain fishes such as the lamprey, 
the pineal outgrowth is better developed and may be paired. One division corre- 
sponds to the pineal gland ; the other becomes developed into an eye-like structure 
connected by nerve-fibres to the habenular ganglion ; this third eye is situated 
centrally on the upper surface of the head but is covered by skin. 

The chief claim the pineal gland has to be considered an endocrine organ is that 
it has possibly some obscure relationship to the development of the sexual organs. 


The Carotid. Body and Aortic Body. 

< These are situated, the one at the point of bifurcation of the common carotid 
artery and the other on the arch of the aorta, Th^ are made up of a plexus 
of small arteries, and are enclosed and supported by fibrous tissue. They contain 
also polyhedral cells collected into spheroidal clumps. Some of the cells of the 
carotid gland stain brown ^vifch chromic acid like those of the suprarenal 
medulla. It has now been found that the aortic and carotid bodies are sensitive 
to the gaseous content of the blood and act as sensitisers of the respiratory 
centre (see Respiration) and that extracts contain a vasoconstrictor substance. * 


General . — From what has been said it is evident that the 
endocrine organs form important chemical substances for the, control 
of the body, but it must be understood that they themselves are 
controlled by the nervous system. The advantage of chemical over 
nervous control of organs is that it can be more generahsed and 
more prolonged. As yet, however, we know very little of the way 
in which the secretions of the ductless glands are brought into 
relationsliip with the requirements of the animal. 
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Humoral Substances. 

In addition to the hormones elaborated by the’ ductless glands 
a number of substances are released in sjDecial circumstances. 
Histamine and choline are the most important but others, e.g. 
P-substances (pain), have been described. In dying tissues many 
of the amines -which appear have a vasoconstrictor action. 

Histamine or jS-iminazolyl-ethylamine is so called because it 
is so easily prod-need from the amino-acid histidine when many 
living tissues are damaged-. It may be extracted from the tissues 
especially from the skin and the lungs. It also occurs in putre- 
factive tissues but was originally discovered by Barger and Dale 
in 1910 in their attempt to discover the true nature of the uterus- 
contracting substance in ergot, the fungus which commonly grows 
on rye and leads to abortion amongst rye-eating peoples. 

The importance of histamine came into prominence when it was 
pointed out that its injection in quite small doses (5-10 mg. for 
an average cat) into carnivora led to a state of profound shock 
from a pooling of the blood in the capillaries which become widely 
dilated (Dale, Laidlaw, Richards). 

It is certainly released in the anaphylactic reaction (see below) 
and is very aldn to the H-substance of Lewis (see Skin Circula- 
tion). Certainly a substance with similar action is produced. If 
injected into the skin it causes a local dilatation of capillaries and 
a wheal. The great rapidity with which it or a similar substance 
is released from tissues suggests that it may have an important 
action in dilating capillaries in active regions such as muscle or 
in injury to the skin and in anaphylactic reactions. 

In addition to dilating capiUaries it constricts smooth muscle, 
notably that of the uterus, bronchioles, and large blood-vessels; 
in rodents this reaction predominates. It also causes a secretion 
of gastric juice and has been employed instead of a test-meal, 
but unfortunately the dilatation of cerebral capillaries produces 
intense headache. It -is of importance, too, because it is very 
liable to be an impurity in organ extracts, but it may be destroyed 
by boiling with alkali. That it is antagonised in the animal body 
by the adrenal gland is suggested by the fact that removal or 
destruction of the adrenal cortex,- like anaesthesia, sensitises the 
carnivora to its action. It is destroyed by an enzyme histaminase 
which, according to Best and -McHenry, is found especially in 
the wall of the intestine and - the kidney. There is, hoAvevei’, 
still much to be learned about this interesting substance. 

Histamine, being an iminazole derivative, contains the typical 
ring and gi-ves characteristic reactions. (See Histidine.) 
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that so many tissue extracts give. If- injected into an animal the 
duration of its action is very short-lived as it is extremely rapidly 
hydrolysed through the agency of an enzyme choline esterase, 
discovered by Steadman (1932) in Edinburgh, which is present in 
all tissues. Before this reaction was discovered it was not generally 
realised that biochemical changes could occur so rapidly and its 
recognition has opened up a new vista, especially in regard to. the 
workings of the nervous system.< The story of choline and of 
histamine are excellent examples of how purely- academic work 
has turned out many years later to be of great importance. 

Sympathin. — This substance has already been discussed 

(p. 781 ). 
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The external covering of the testicle itself is a strong fibrous capsule, 
called, on account of its white appearance, the tunica, albuginea. 
Passing from its inner surface are a number of septa or trabeculge, 
which divide the organ imperfectly into lobules. On the posterior 
aspect of the organ the-capsule is greatly thickened, and forms a mass 
of fibrous tissue called the corpus Highmorianum (body of High- 
more) or mediastinum testis. Attached to this is a much convoluted 
tube, which forms a mass called the epididymis. This receives the ^ 
ducts of the testis, and continues into a thick-walled tube, the vas 
deferens, by which the semen passes to the urethra. 

Each lobule of the testicle contains several convoluted tubes. 
These tubes commence near the tunica albuginea, and terminate 
after joining with others in a straight tiibule, which passes into the 
body of Highmore, where it ends in a network of tubes, the rete 
testis. Erom the rete about fifteen efferent ducts {vasa efferentia) 
arise, winch become convoluted to form the coni vasculosi, and then 
pass into the tube of the epididymis. 

. The convoluted or seminiferous tubes have the following structure : 
each consists of (1) an outer wall of flattened connective-tissue cells 
intermingled with elastic fibres ; (2) a fine membrana propria ; (3) a 
lining epithelium of several layers of germinal cells. Next to the 
membrana propria is a layer consisting of spermatogonia and 
supporting or nurse cells {Cells of Sertoli) which provide nutriment 
for the developing spermatozoa. More internally, between the 
projecting processes of the nurse cells, are large primary spermatocytes, 
derived from the division of the spermatogonia. StiU nearer the 
lumen of the tube lie the secondary spermatocytes, which are the 
daughter-cells of the primary spermatocytes ; the secondary sperma- 
tocytes give rise by division to the spermatids which lie next the 
lumen. The spermatids become embedded in the inner ends of the 
nurse cells, where they grow and become converted into spermatozoa. 

The interstitial connective tissue of the testis is loose, and 
contains numerous lymphatic clefts. Lying in it, accompanying 
the , blood-vessels, are' strands of epithelial cells, of a yellowish 
colour {interstitial cells). 

The straight tvhules consist of basement -membrane and lining 
cubical epithelium only. The tubules of the rete testis are lined 
by cubical epithelium; but have no basement- membrane. The 
vasa efferentia and epididymis are lined by columnar cells, some of 
which are ciliated, while others are devoid of ciha, and probably 
possess secretory functions. There is a good deal of muscular tissue 
in their walls. The vas or ductus deferens consists of a muscular 
wall (outer layer- longitudinal, middle circular, inner longitudinal), 
lined by a mucous membrane, the inner surface of which is covered 
by columnar epithelium. 
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The Spermatozoa.— The semen is' a richly albuminous fluid in 
which are suspended^ the spermatozoa. Each spermatozoon consists 
of a head, a' middle-piece and a tail. The head is oval and flattened. 
It is composed of a nucleus, in which the chromosomes are so 
compressed together as to be indistinguishable, and an acrosome. 
The acrosome forms a cap over the anterior end of the nucleus. The 
sperm effects entrance into the ovum at fertilisation by means of 
this acrosome, which probably liberates substances which assist in 
perforating the zona-pellucida of the egg. The middle-piece is 
composed of a neck, containing one or two centrioles, and the middle- 
piece proper. The axial filament of . the tail originates in the 
centrioles contained in the neck immediately behind the nucleus. 
It traverses the middle-piece and the whole length of the tail. A 
delicate cytoplasmic sheath surroimds the axial filament throughout 
the greater part of the length of the tail, but this is absent at the 
extreme posterior end, which is known as the end-piece. 

If kept under suitable conditions spermatozoa will live for 
tliirty days. .. They are easily killed by dilute acid 

The Female Eeproductive Organs. 

These consist of the two ovaries which produce ova, and the 
uterus with the Fallopian tubes and vagina which are continuous 
with it. 

The Ovary is composed of fibrous tissue (stroma) centaining, 
near its attachment to the broad ligament, a number of plain 
muscle - flbres. It is covered by a layer of cubical cells, called 
the germinal epithelium, wliich, in- young animals, is seen dipping 
down, here and there, into the stroma. The stroma generally 
contains a number of interstitial cells. 

Sections of the ovary show that the stroma is crowded with a 
number of rounded cells, the oocytes, which are contained in numerous 
vesicles of different sizes called Graafian follicles. The smallest 
folhcles are near the surface, the largest are deeply placed, but as 
they expand they again approach the surface, and ultimately rupture 
upon it. . , 

The smallest follicles consist of a single layer of epithelium 
surrounding the oocyte, and an outer layer of fibrous connective 
tissue derived from the stroma. In larger follicles the epithelium is 
many^layered and is known as the membrana granulosa. The 
outer layer is also differentiated into an inner vascular layer, the 
theca interna, and an outer fibrous layer, the theca externa. 
During the later growth of the follicle a cavity, the antrum, appears 
in the membrana granulosa and enlarges until it occupies the major 
part of the follicle. The cells of the membrana granulosa line this 
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ca-vity and form a discus proligerus around the oocyte which projects 
into it. The antrum is filled with fluid, the liquor folliculi. The 



Fio. 2SG. — Diagrammatic view of the uterus and its appendages, as seen from behind. The uterus and 
upper part of the vagina have been laid open by removing the posterior wall ; the Fallopian tube, 
round ligament, and ovarian ligament have been cut short, and the broad ligament removed on the 
left side ; u, the upper part of the uterus ; c, the cervix opposite the os internum ; the triangular 
shape of the uterine cavity is shown, and the dilatation of the cervical cavity with the rugae 
termed arbor vitae; v, Tipper part of the vagina; od. Fallopian tube or oviduct; the narrow 
communication of its cavity with that of the cornu of the uterus on each side is seen ; I, round 
ligament; Jo, ligament of the ovary; o, ovary; r, wide outer part of the right Fallopian tube; 
/I, its fimbriated extremity ; po, parovarium ; h, one of the hydatids frequently found connected 
with the broad ligament. (Allen Thomson.) 



Fio. 2S7.— Section of the ovary of a cat. A, germinal epithelium; B, immature Graafian follicle; C, 
stroma of ovary; D, zona pellucida surrounding the primarj' oocyte; E, Graafian follicle showing 
lining cells ; F, follicle from which the oocyte has fallen out. (V. D. Harris.) 

Graafian follicle finally ruptures and liberates the discus proligerus 
with the contained oocyte, which then enters the Fallopian tube. 
In woman this process of ovulation probably occurs about every 
four weeks. The ovum takes three days to reach the uterus. 
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After ovulation a glandular structure, the corpus luteum, 
develops in the cavity of the ruptured follicle. The corpus luteum 
is formed by the ingrowth of the cells of the membrana granulosa 
and theca interna into the antrum. These cells hypertrophy and 
globules of yellow pigment and lipides- make their appearance in 
them. Strands of cells and blood-vessels grow in from the theca 
interna and divide the lateral cells into columns. The centre 
of the corpus luteum is often occupied by a clot formed from blood, 
liberated when the follicle is ruptured, and from the remains of 
the liquor folliculi which did not escape. The corpus luteum 



Nucleus or germinal vesicle. 
Nucleolus or germinal spot. 

Space left by retraction of 
protoplasm. 

Protoplasm containing yolk 
spherules. 


— — Zona pellucida. 


Aegins to degenerate after a short time and always before the 
next ovulation, ' if pregnancy does not supervene. It persists when 
fertilisation is effected, and only atrophies shortly before the 
child is born. The following table gives the chief facts in the life- 
history of the two types of the ordinary human corpus luteum : — 


At the end of 
three weeks. 
One month , 


Two months . 
Six months . 
Nine months . 


Ordinary- 
Corpus Luteum. 

Three-quarters of an inch 
convoluted wall pale. 

Smaller ; convoluted wall 
bright yellow; clot still 
reddish. 

Reduced to the condition 
of an insignificant cica- 
, trix. 

Absent 


Corpus Luteum of 
Pregnancy. 

in diameter ; central clot reddish ; 

Larger; convoluted wall bright 
yellow; clot still reddish. 

Seven-eighths of an inch in dia- 
meter ; convoluted wall bright 
- yellow ; clot decolorised. 

Still as large as at end of second 
month; clot fibrinous; convo- 
luted wall paler. 

One half an inch in diameter; 

central clot converted into a 
. radiating cicatrbc ; the external 
wall tolerably thick and con- 
voluted, but without any bright 
yellow colour. 

2 C 
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The ovarian o^nim or primary oocyte (fig. 288) is a lai'ge spheroidal 
cell surrounded by a transparent /striated membrane called the zona 
pellucicla, or zona striata. The protoplasm is filled with large 
fatty and albuminous granules {yolh spliertdes), except in the part 
around the nucleus, which is comparatively free from them. It con- 
tains a nucleus, and usually one very well-marked nucleolus. . The 
nucleus and nucleolus are still often called by their old names, 
germinal vesicle and germinal sjpot respectively. An attraction 
sphere, not shown in the figure, is also present, and a fine membrane, 
the vitelline menibrane, immediately invests the protoplasm within 
the zona pellucida. 

The Fallopian Tubes or tubse uterinse which lead to the uterus 
have externally a serous coat from the peritoneum, then a muscular 
coat (longitudinal fibres outside, cii’cular inside), and most internally 
a vascular mucous membrane thrown into longitudinal folds, and 
covered with ciliated epithelium. 

The Uterus consists of three similar layers. The muscular coat 
is, however, very thick, and is made up of two strata imperfectly 
separated by connective tissue and blood-vessels. Of these the 
thinner outer layer is the true muscular coat, the fibres of which are 
arranged partly longitudinally, partly circularly. The inner layer, is 
very thick. Its fibres - run chiefly in a circular direction ; the 
extremities of the uterine ’ glands extend into its internal surface. 
It is in fact a much hypertrophied muscularis mucosae. The mucous 
membrane is thick and consists of a corium of soft connective tissue, 
lined with ciliated epithelium; this is continued down into long 
tubular glands which have, as a rule, a convoluted course. In the 
cervix the glands are racemose. Near the os uteri the epithelium 
becomes stratified ; stratified epithehum also lines the vagina. 


The Formation of the G-ai^ietes. 

Tlie production of ova by the ovary is known as oogenesis. The formation 
of spermatozoa by the testis is known as spermatogenesis. The prodigality of 
nature in providing for the continuance of the species is well illustrated by the 
fact that at birth the human ovary contains about 70,000 immature oocytes. 
Only a minority of these attain maturity, and get situated in Graafian follicles : 
many follicles, moreover, never burst, but atroplyr. On the average, one follicle 
ripens every four weeks, so that in the period between the onset of puberty and 
the menopause (fifteen to forty- five years of age) there is a possibility in the 
thirty intervening years of the production of about 400 ripe ova. Of these again a 
very small minority become fertilised. Still more is the lavishness of the provision 
illustrated in spermatogenesis ; it has been calculated that in the semen ejaculated 
at an act of coitus there are more than two hundred million spermatozoa, and 
only one of these is needed for the fertilisation of an ovum. 

Spermatogenesis, — The germ cells divide into spermatogonia which undergo 
several divisions, two of which are shown in the diagram (fig. 289). Each 
spermatogonium grows and becomes a primary spermatocyte ; it divides into 
two secondary spermatocytes, and ultimately into two spermatids which develop 
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into spermatozoa. In the division of the primary into the secondary spermatocytes, 
the mitosis is heterotypical and the number of chromosomes is reduced to half 
the normal somatic number.^ This phenomenon is paralleled in the history of the 
oocyte, and it will be convenient to postpone the histological details until we come 
to tiie oocyte. 

The result is that' the secondary spermatocyte and its descendants, the 
spermatids -and spermatozoa, have only half the number of chromosomes 
characteristic of the species. The maturing of the spermatozoa takes place 
within the seminiferous tubes. 


Germ cell 


A' A’ 

• • • # 

A A A A 

•••••••• 


-Spermatogonia 


Heterotype 
mitosis and I 
reduction of ( 
chromosomes [' 
to half the \ 
U6ual number j 


— Period of growth 
Primary Spermatocyte 

-Secondarv Spermatocytes 

Spermatids , 


A A 

• • • 


1-1 I I 


^—Spermatozoa 

Fiq. 2S9. — Diagram to illustrate spermatogenesis. 


Oogenesis takes place on the same general lines as spermatogenesis, but 
with important differences in detail. In the first place, the changes in the 
ovary are correlated with certain changes in the uterus which result in menstru- 
ation. A second important difference is that maturation of the ovum occurs 
after the oocyte has left the ovary and is on its journey along the Fallopian 
tube to the uterus. A third difference is that the ovum is considerably larger 
than the spermatozoon. 

The ova arise from oogonia which are present in the ovary probably only 
during embryonic life. The oogonia are capable of multiplication by division. 
Finally each oogonium divides into two primary oocytes which then undergo 
a reduction division, the first maturation division, which results in the production 
of the first polar body. The reduction division is characterised by a clumping 
together of the chromosomes at one stage, known as synapsis, and bv the 
subsequent reappearance and pairing of the individual chromosomes. These 
preliminary changes are completed in the oocytes of the human ovary shortly 
after birth. The subsequent stages of the division do^ not take place until the 
oocyte is about to be ejected from the ripe follicle at ovulation. 
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At maturation a spindle is formed and one chromosome of each pair goes to 
each pole. The spindle is eccentric in position and projects, in a small pro- 
tuberance of protoplasm, from the surface' of the oocyte. The division causes' 
the separation of the little protuberance, the first polar body, from the oocyte. 
This reduction division results in half the chromosomes being^ extruded with the 
first polar body and half being retained in the oocyte, which is now known as a 
secondary oocyte. The process of reduction in the female is very similar to that 
in the male, where it results in the formation of two secondary spermatocytes from 



Heterotype mitosis \ 
and reduction of the / 
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the usual number 1 

' \ 

_ 

Secondary oocyte 
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Period of growth 
— Primary oocyte 
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( Division of the 
■(First Polar body 


-Second polar body 


Fia, 200. — ^Diagram to illustrate oogenesis. 



a primary spermatocyte. In both sexes the number of chromosomes in the 
daughter-cells is half that of the parent-cells. After the secondary odcyie is 
ovulated, another division occurs, resulting in the production of a second polar 
body. This division does not reduce the number of chromosomes, as each is split 
in two in the normal manner. Simultaneously, the first polar body divides into 
two. The resulting three polar bodies remain in the zona pellucida, of the now 
mature ovum, and degenerate. 

The meaning of the polar bodies has been the subject of much speculation ; it 
is supposed that the female cell casts out certain constituents in order to make 
room lor the addition to it of material from another individual, namely, the male. 
Some animals multiply without the intervention of the male sex, or the intervention* 
occurs at long intervals with many intermediate generations; this is known as 
parthenogenesis. One must therefore suppose that the female cell has within it a 
male component which can be transmitted to future generations. 

The ovum after it is liberated from the ovary by the rupture of a Graafian 
follicle, enters the Fallopian tube, the cilia of which are the main instruments for 
the transportation, and finally reaches the uterus. During this journey, which 
probably occupies some days, it becomes mature, it is fertilisedr and some of 
the early steps in further development may also occur. 
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Internal Secretions of Testis and Ovary. 

In addition to producing spermatozoa and ova the testes and 
ovaries elaborate internal secretions which are liberated into the 
blood stream. 


Testis. 

.The principal evidence that the testis forms an internal secretion 
is derived from the study of effects of castration, or cases in which 
the testes have atrophied or become diseased. Normally in males 
at puberty, about the age of fourteen to sixteen years, there occur 
a series of changes which are associated with sexual maturity and 
the development of spermatozoa in the testes. In man a growth 
of hair appears on the pubis and on the face, the voice deepens, and 
the features become more characteristically male. In animals these 
secondary sexual characteristics are often associated with striking 
changes, such as the growth of characteristic horns or plumage. If 
the operation of castration is performed before puberty, the repro- 
ductive apparatus which, is left (vesiculae seminales and prostate, 
but not the penis) atrophies; the secondary sexual characters do 
not develop ; the voice does “ not break,” the body remains sexually 
infantile, but never assumes female characters. In bygone days 
the operation was practised to pro-vlde choir singers and eunuchs to 
attend harems. The body, however, grows, and in some cases there 
is overgrowth of the skeletal and adipose tissues. Advantage is 
taken of this fact: ‘C.g. the castration' of cocks to provide table 
birds (capons). In eunuchs the legs often grow unusually long. 

In animals there is corroborative evidence of the same nature. ■ 
Thus in the cock castration arrests the development of the comb and 
spurs ; in the stag antlers ; growth is arrested in horned cattle where 
both sexes have horns, their growth is not inhibited by castration, 
though their shape may be affected. In Herdwick sheep, where 
the males are horned and the females hornless, the presence of the 
testes is essential, not merely for the initiation but also for the 
continuance of horn growth. Castration stops horn growth at every 
stage of development. (Marshall.) The operation is practised 
extensively on bulls, rams, and horses not needed- for breeding 
purposes, as they become more docile. 

Ligature of the ductus deferens leads to atrophy of the semi- 
niferous tubules, whilst the interstitial cells are not affected, or- 
hypertrophy (Steinach), and the secondary sexual characters develop 
as usual. It is because of this that most investigators agree that 
the interstitial cells of the testis are the source of the internal 
secretion. These cells have all the appearances of secreting- cells 
and their full development coincides with the first appearance of 
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of the seminal vesicles. More recently a more convenient colorimetric 
method has been devised for estimating it. 

Testosterone prevents also the degenerative changes which 
take place in the seminal vesicles and epididymis after castration. 
If a yormg animal is castrated, the injection of testosterone leads 
to the normal development of the sexual organs aind sometimes 
exaggeration of the secondary sexual characteristics. The animal 
becomes fiercer and more dominant and sometimes there is an 
increased growth of the muscles. Testosterone has been used with 
advantage in undeveloped hoys with undescended testis. 

There have now been obtained from various sources a number of 
other masculinising substances known as androgens, which have the 
power of promoting the growth of the secondary sexual characteristics. 
They appear in boys about the age of ten. 

Several similar substances may also be extracted not only from 
male urine but also from female-urine, and in cases of tumour of 
the adrenal cortex this rnay be increased thirty-fold. It is possible 
to extract from the ovary comb-growth promoting substances and 
oestrogenic substances from the testis. By grafting ovaries into 
castrated males such as drakes and guinea-pigs it is possible to 
alter their secondary sexual characteristics into those of the female, 
who is then treated as such by males. The mammary glands secrete 
milk and the penis degenerates in males so treated. 

These facts indicate how little is the difference between- 
masculinity and femininity and that the production of ova or 
spermatozoa depends on whether male or female sex hormones 
predominate. Thi^ in turn depends on the possession by the 
sperms of the appropriate X or Y chromosome which depends on 
inheritance. 

The activities of the testis both in regard to spermatogenesis and 
internal secretion are controlled by the anterior lobe of the pituitary 
body. Extracts of this body hasten both sexual maturity and the 
development of the internal secretion, while, removal has the 
opposite effect. . There is, however, also a kind of reverse reaction, 
for castration leads to an overgrowth of the basophil cells of the 
pituitary and the appearance of the so-called castration cells, 
i.e., basophils with a signet-ring shape, while the injection. of male 
hormone brings about a return to normal. 

The Prostate . — The function of Cowper’s glands and the glands 
of the prostate is probably to add to the semen, and to cleanse the 
urethra from urine prior to ejaculation ; the first fluid to come out 
certainly contains no spermatozoa. . Its contents may he squeezed 
out by the passage of hard fseces. 

Rejuvenation . — ^In 1889 Brown-S4quard, a neurologist of . Paris, 
claimed to have rejuvenated himself by extracts of testis. This 
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•was tlie first time a ductless gland -urns ever used therapeutically. 
Later YoronofF made similar claims from the injection of "monkey 
gland ” (testis). 

The possible psjmhological effects in man have not, .however, 
been adequately excluded, and unprejudiced observers have failed 
to confirm the claim that merino sheep so ^treated retain the . fine 
quality of wool characteristic of young animals. It has been 
suggested by Steinach that the tying of the spermatic cord might 
promote rejuvenation by causing the acinal cells to degenerate and 
thus allowing the cells of internal secretion more room to grow. 

Ovary. 

In the human female, sexual maturity or puberty is attained 
about the age of thirteen or fifteen and is characterised by growth of 
pubic hair, the occurrence of menstruation, and a growth of the 
mammary glands, but few other changes. After puberty ovari- 
ectomy, a common operation because of disease, causes a cessation of 
menstruation and typical atrophic changes in the uterus with slight 
atrophy of the breasts and external genital organs. Sometimes there 
are metabolic changes as at the menopause (see p. 818). In the lower 
animals certain cyclic changes also occur and their study has shed 
much light on what occurs in women. 

The CBstrous Cycle. 

It had long been known that the occurrence of the periodic 
changes in the reproductive organs of female animals is dependent 
on the presence of the ovaries and our knowledge of the subject 
was much clarified by the work of Heape and of Marshall in 
Cambridge. Most female animals will only receive the male during 
a definite period in the reproductive cycle known as cestrus or 
“ heat.” Careful investigation of this period in the smaller laboratory 
animals, such as the mouse, rat and guinea-pig, has revealed a series 
of well recognised stages which give opportunity for putting the 
sex hormones on a convenient experimental basis. The pro-cestrus, 
lasting eighteen hoiu-s in the mouse, is characterised by a generalised 
congestion of the uterus and vagina with some bleeding, while a 
smear taken from the vagina shows nucleated epithelial cells. In 
cestrits proper there is still more congestion but the vagina is almost 
dry, while a smear now shows keratinised cells which have been 
lining the vagina. They are like the superficial cells of the skin, 
flat, non-nucleated and stain with eosin. This stage lasts forty-two 
hours and thereafter all the congestive changes subside into a period 
of rest or dimstrtcs of two or three days in the mouse in wliich the 
smear shows only leucocytes. Since the subsidence of oestrus is 
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associated with and apparently dependent on the corpus luteum, this 
is known as the luteal phase. 

Extracts of tlie ovary have been prepared which when injected 
into ovariectomised animals produce all the changes of “heat” 
and the term oestrogens has been given to the oestrus-producing 
substances generally. Of these a pure crystalline substance has now 
been isolated and is known as (estradiol. 

That the substance is not produced by the Graafian follicles is 
shown by the fact that after all the follicles in the ovaries have 
been destroyed by X-rays, mice have a regular* cycle (Parkes). 
It seems probable then that the hormone is produced by the 
interstitial cells. 

The main obstacle to the correct interpretation of the mechanism 
involved in the control of the reproductive cycle is that oestrogenic 
substances can be extracted from many other tissues and body fluids, 
especially the urine, where they appear as slightly altered excretion 
products. For instance, the richest source of material is provided by 
the urine of the stallion. Highly active material can also be prepared 
from the urine of pregnant women (cestrone and cestriol) and from the 
placenta. 

Chemically, the oestrogens are related to the sterols but the 
substances found in the urine are weaker than those found in the 
ovary and testis. (See also Cholesterol.) 



They may be standardised by finding the minimum dose which 
will produce an artificial oestrus in the ovariectomised mouse. 

Ovarian grafts produce similar effects in the castrated animal 
and in humans. They may for a time also produce ova, but the 
grafts usually degenerate after about a year. 

By grafting testis into ovariectomised .females such as ducks and 
guinea-pigs, it has been found possible to cause them to develop the 
.secondary sexual characteristics of the male.^ The injection of 
testosterone into the female monkey inhibits maturation and 
luteinisation of the follicles and suppresses the menses (Zuckermann). 
A conversion (known as virilism) sometimes occurs in women from, 
overgrowth of the adrenal cortex.' 


I 



810 


REPRODUCTION 


[CH. LVIII. 


The Action of CBstrogens.* — The effects of removal of the 
ovaries and a study of the effects of the injection of extracts into 
different animals indicates that oe'strogens are concerned with the 
promotion of sexual maturity in the female and that they have a 
definite function in relation to pregnancy. OEstrus represents 
probably the preparation of the uterus for the reception of a 
fertilised- ovum, but the final adaptation is brought about by the 
corpus luteum acting upon an oestro-sensitised uterus. Experi- 
mentally, Mcol has shown that" a deposition of fat takes place in 
that part of the uterus to which the fertilised ovum is usually 
attached. 

OEstrogens also increase the movements of the uterus, and this 
together with their apparently increased production towards the 
end of pregnancy in many animals has suggested that they may play'a 
part in determining the onset of labour. It has been found possible 
to cause the expulsion of a live foetus from an oestro-sensitised 
uterus with oxytocin from the pituitary. This has not, however, 
been found possible in human subjects, but the sensitising effect 
is easily shown experimentally on animals. (Bell.) 

The oestrogens have, however, an effect on the higher monkeys 
and women. They cause congestion and proliferation of various 
parts of the uterus-muscle, epithelium and glands, but there are no 
pro-oestrus changes although there is bleeding when the administra- 
tion is stopped. There may be breast enlargement. When given to 
ovariectomised women, oestrogens cause a return of. the uterus to 
its normal condition, but actual menstruation does not occur. 

The action of the oestrogens is not confined to the female; In 
the male it causes .prostatic enlargement while the female elements 
of the male, such as the uterus mascuhnus, enlarge. The cock’s comb 
shrinks and female plumage appears. (See Parkes.) 

The Corpus Luteum. — We have already seen that this structure 
increases in size if pregnancy ensues, and it is now known that the 
corpus luteum forms a hormone responsible for hypertrophic changes 
in the uterus and mammary glands necessary for embedding of the 
ovum and nourishment of the foetus. 

Thus in the rabbit and ferret, in which ovulation only occurs as a 
consequence of coitus, the growth of the corpora lutea is associated 
with uterine and mammary growth, although the animals are pre- 
vented from becoming pregnant by the employment of sterilised males' 
(Ancel and Bouin). In such cases the uterine mucous membrane 
undergoes vascular and glandular changes similar to those occurring- 
in pregnancy, and at the same time the mammary glands develop 
to an extent sufficient to admit of the secretion of milk. This 

* Most of the experiments have been made, with ovarian extracts which owe 
their activity to oestradiol. 
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condition is called “pseudo-pregnancy." In all these animals the 
corpus -luteum of pseudo-pregnancy persists for nearly as long as 
that of pregnancy. On the other hand, in man, and in some other 
mammals, where' the periods recur frequently, the corpus luteum 
persists only for a short time if pregnancy does not supervene after 
ovulation. „ 

The growth of the corpus luteum is necessary for the continuance 
of normal pregnancy, for this comes to an end if the ovaries are 
removed unless luteal extract is given. Since even a mechanical 
stimulation of the uterus by a glass bead will, during a pseudo- 
pregnancy, cause the development of a decidua it may be concluded 
that the corpus* luteum is concerned with the formation of the 
placenta, which in turn stimulates luteinisation. (Ashdell.) 

The evidence is complete also that the corpus luteum plays a 
. considerable part in preparing the mammary glands for lactation, 
but does . so only with the co-operation' of oestrogen and the prolactin 
•of the pituitary — and later by a hormone of the placenta. 

Some workers recognise the, existence of a separate hormone, 
relaxin, which softens the pelvic ligaments after treatment with 
oestrogen. The corpus luteum regresses towards the end of 
pregnancy. 

Progesterone is the name given to an active principle which has 
been extracted from -the corpus luteum and many such substances 
have been synthetised or extracted from other sources. The cessation 
of its administration after oestrogen brings about a typical break- 
down of the uterine mucosa and bleeding. It makes possible also 
the continuance of pregnancy even after removal of the ovaries. 
Its -injection prevents normal ovulation, reduces the muscular 
activity of the uterus and prepares the mammary glands for 
lactation. Generally progesterone is antagonistic to oestrin, of which 
about 675 rat units were antagonised by 3 of progesterone. 
Provided the uterus is present progesterone is excreted as preg- 
nandiol glucuronate in the urine. 

Progesterone is a sterol closely related to the corticosterone of . 
the adrenal cortex as its formula indicates. It is stated to be 
physiologically interchangeable. 


CHg CO.CHg 



Progesterone 


CH3_C0 . CHjOH 



Desoxycorticosterone 


It may be given by the mouth or injected intramuscularly. 
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The rabbit unit of progesterone is the amount needed to produce 
in the uterine mucous membrane changes similar to early pregnancy 
when the female has its ovaries removed soon after coitus. In 
this animal, as we have already said, ovulation occurs at coitus. 


The Pituitary Control of the Gonads. 

From what has been said in relation to diseases of the pituitary 
body it is evident that there is an intimate relationship between 
this" organ and the gonads. The subject was placed on an experi- 
mental basis when Evans and Long observed that the injection 
of anterior extract caused an enormous increase in the number 
of the corpora lutea, thus showing increased ovulation. Later 
Smith and Engle also Zondek and Aschheim independently showed 
that the administration of anterior lobe tissue into immature rats 
resulted in precocious oestrus, marked ovarian follicular develop- 
ment and super-ovulation, while Corner and others demonstrated 
that pituitary administration produced mammary activity in 
rabbits. 

It has now been possible to extract from the pituitary body 
two distinct substances, one follicle-stimulating and the other 
luteinising. The former is found in the water-soluble fraction of 
pyridine extracts and in acid extracts, the latter in the insoluble 
fraction and in alkaline extracts. The follicle-stimulating hormone 
causes rapid growth of the Graafian follicles and many ova 
are produced and discharged. It acts also on immature ovaries. 
The luteinising hormone will act on mature ovaries but not on 
immature ovaries unless they have received follicular stimulation. 
It hastens the formation of the corpora lutea from unripe follicles. 

The urine of pregnant women if injected into mice or rabbits 
produces a luteinising effect and this is the basis of the Aschheim- 
'Zondek test for pregnancy. There is, however, evidence that the 
immediate source of the hormone is in part at least derived from 
the placenta. It is increased in placental tumours. 

In practice the blood spots due to haemorrhage into the ovarian 
stroma which takes place at the same time as maturation of the 
follicle and luteinisation are taken as evidence of reaction. Kabbits 
may also be used or Xenopus, the South African clawed -toad 
(Hogben and Bellerby). In the horse the gonadotropic hormones 
are present in the pituitary body but they are absent from the 
human, it may be, because they are so freely secreted. 

The anterior lobe of the pituitary also produces the substance 
prolaciin, which is partly responsible for lactation. 

It now appears probable that the pituitary activity is closely 
related to and may be responsible for sexual desire. It has been 
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shown that if the anterior lobe of the pituitary is removed coitus 
does 'not produce ovulation or the other changes which occur in the 
rabbit. It is also known that complete removal of the uterus and 
ovaries in women does not obliterate sexual desire. 

THE INTER-RELATIONSHIP OF THE 
SEX HORMONES 

relative size 



Fio. 292 F S, foUicle-stimulatiug ; L S, luteinising ; 0, oestrodiol ; 

C Ii, progesterone. (After Seeker-) 

The pituitary also controls the activity of the testis. The 
injection of anterior lobe extracts hastens sexual maturity while 
removal of the pituitary leads to complete loss of sexual activity. 
These changes are also ^seen in disease of the pituitary. 

A ‘ diagrammatic summary of the various' activities of the 
pituitary body in relation to reproduction is indicated by the 
above figure. 
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Lactation and Mammary Glands. 

When a mammal is born it is at first dependent for nourishment 
on a supply of milk from the mammazy glands. These glands, 
which are of the typical compound racemose variety, pass through 
a series of changes during the sexual life of the female. 

Before puberty they are rudimentary but thereafter develop 
small groups of alveoli in abundant fat and connective tissue, and 
remain in this state in the virgin. These changes are believed 
to be due to the ovarian hormones since atrophy occurs after 
castration in monkeys, while oestrin prevents the atrophy and 
causes growth in the immature animal. Without progesterone the 
growth, however, is incomplete. 

If, however, pregnancy occurs they undergo a remarkable 
increase in size. The gland ducts bud out and new alveoli are 
produced. The cells of the alveoli elongate towards the lumen, 
their nuclei divide and in the part nearest the lumen fat globules 
appear. Later this part of the cells containing a nucleus with 
the fat and other substances, disintegrates to form milk in the 
alveoli. During this period the nipples become thickened and 
more prominent, their surroundings more dusky, and it may be 
possible to squeeze milk from them, especially when the pregnancy 
is near its end. The first milk or colostrum is especially rich in 
fat and contains the colostrum corpuscles which are probably 
epithelial cells from the ducts or alveoli. The proof that those 
changes are due to chemical substances transmitted by the blood 
is seen by their occurrence even in a graft transplanted to another 
part of the body and deprived of its nerve supply. 

After lactation there is a return to a resting state in which 
the fat globules in the cells and the milk in the alveoli are 
absent, but most of the gland cells and ducts remain, while the 
nipple and the suirounding areola remain pigmented. The 
pigment appears partly to be the result of the mechanical irritation 
of sucking. 

At the menopause the mammary glands undergo atrophy, the 
alveolar tissue is replaced by fibrous tissue, fat is lost and the 
mammm lose their fullness. 

The Control of Lactation. 

As we have seen, the growth of the mammary glands at 
puberty is brought about by the action of oestrogen, but in 
pregnancy the anterior lobe of the pituitary appears to be re- 
sponsible for the production of the milk ; but even in the absence 
of the ovaries, pituitary injections will bring about the secretion 
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of milk in rabbits (Grueter and Strieker ; Corner), while removal 
of the pituitary causes its suppression (Kiddle). The hormone 
responsible appears to be distinct from the other pituitary 
hormones and is known as ‘prolactin. These experiments in lower 
animals are applicable to man; for it has been found that the milk 
flow of women is -increased by prolactin, while in pathological 
overgrowth of the pituitary milk secretion has been known to 
continue for flve years. 

It would seem that the placenta, in virtue of the cestroo'ens 
it secretes, eventually takes over control, for its removal with°the 
foetus before the normal end of pregnancy at once causes a 
regression of the glands.. Removal of the ovaries has not this 
effect. • 

Once the child is born, lactation is maintained by the sucking 
which may act directly or stimulate the production of prolactin. 
Certainly, lactation may be maintained indefinitely by this means, 
but it ceases if, a subsequent pregnancy supervenes, and this is 
the usual cause of the shortage in winter of milk from cows, which 
go dry usually about six weeks before calving. This suggests, 
too, that there may be some factor present which inhibits the 
actual secretion of milk while the foetus is in utero. These would 
appear to be the placenta or the foetus, for milk is secreted after 
abortion in an advanced pregnancy, and possibly also oestrin since 
lactation is inhibited when it is injected. 

Cessation of lactation and involution of the mammary glands 
occurs if the milk is not withdrawn and may be hastened by 
restriction of the fluid intake. • 

The 'Nervous System in Lactation. — Although, as Ave have 
seen, the primary factors in . lactation are hormonal and a 
denervated gland can secrete milk even if transplanted, it is evident 
that the nervous system plays some part, for tying the ducts does 
not result in the involution of the gland if suckling is allowed to 
continue (Selye), while the secretion is negligible if the animals 
have been sympathectomised (Cannon), It is, hoAvever, difficult 
to evaluate the latter experiments as lactation may be absent or 
reduced for a great variety of reasons, especially in states of 
lowered nutrition and certain psychological disturbances. 

The' Amount of MlTlr Produced. — Modern intensive dairying 
has indicated that the amount of milk secreted is largely a matter 
of diet, both carbohydrate and protein being concerned; also, of 
Course, water. The amount produced by a good cow on a con- 
centrated diet of additional carbohydrate and protein with some 
fat, say 1000 gallons a year, could not be produced by a diet 
of grass alone. This would, be sufl&cient to supply four calves, 

* The duration of pregnancy in the cow is nine months. 
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but it is found that intensive feeding and milking cause the cows 
to become prematurely senile. 

The Physiological Changes in Pregnancy. 

It is convenient to summarise the physiological changes which 
occur in pregnancy as they are of considerable practical importance. 

1. Menstruation ceases almost invariably. 

2. The decidua develops and the uterus increases in size. 

3. The anterior pituitary secretes luteal stimulating hormone 
and prolactin. 

4. The corpus luteum develops in' the ovary. 

5. CEstrogenic hormones derived possibly from the anterior 
pituitary, ovary, and placenta are excreted and give pregnancy 
tests in the urine. 

6. The mammary glands enlarge and eventually produce milk, 
under the influence of prolactin and corpus luteum. Until birth 
lactation is inhibited by a hormone from the placenta. There is 
darkening of the mammary areola. 

7. Tlae mother tends to be depleted especially of calcium and 
iron, and her metabolism generally, apart from that of the child, 
is reduced. 

8. Changes occur in the bones and ligaments of the pelvis 
which facilitate delivery, under the influence of a hormone of 
unknown origin. 

Vitamins and Reproduction. — It is now' clearly proved that 
a sufBciency of the fat-soluble vitamins A and E are necessary 
for reproduction (see Vitamins) and lactation. It would seem that 
they are intimately concerned with the nutrition of the special 
growth cells. 

Menstruation. — In the human subject menstruation occurs, as 
its name suggests, usually every four weeks. The flow lasts for 
three to five days, and the amount of blood lost may be as much as 
300 c.c. Menstruation is absent during pregnancy, and, as a rule, 
also during the subsequent period of lactation. It occurs in the 
higher primates only. In these changes in the colour of the sexual 
skin is also seen. 

During the menstrual cycle a number of histological changes 
occur in the uterus, but there is wide variation in the duration of the 
different stages given below. (See fig. 293.) 

Proliferative (6-14 days ). — A few clays after the endometrium or 
mucous membrane has been repaired it begins to thicken, while its 
glands increase and become tortuous. 

Premenstrual or secretory (15-28 days). — The glands now fill with 
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mucus while the stroma cells of the rapidly thickening endometrium 
greatly increase in number, the | capillaries dilate and fill with blood 
until the. congested mucous menibi’pe appears corrugated and exudes 
tissue fluid, often blood stained. 

Destructive {Z-Z days). — The- endometrium now breaks down and 
is shed with blood, mucus and leucocytes. 

Repair . — The Congestion disappears and the endometrium is 
rebuilt. 

The exact relation of menstruation to oestrus is a matter of 
some debate. In the lower animals ovulation accompanies oestrus. 


Anterior Pituitary 



Flo 293. — Diagram (after Corner) showing the probable relationship of cyclic uterine 
changes to various hormones . 

but observations made at operations in monkeys indicate that in 
higher animals and in woman it occurs midway between two 
menstrual periods. There is, however, evidence that ovulation may 
occur at other times as a response to the sexual act, as in rabbits. 
That menstruation corresponds to the congestive pro-mstrous stage 
is suggested. by the fact that in the monkey the injection of oestrogen 
wiU cause menstruation ; on the other hand, at puberty in the monkey 
ovulation definitely precedes menstruation. Since the regression of 
the corpus lu'teum corresponds in time to menstruation the latter 
may he looked upon as the result of this regression, the corpus 
luteum having been responsible for preparing the uterus for a 
fertilised ovum which did not appear. The unwanted endometrium 
is thrown off. This view conveniently explains the absence of 
menstruation in pregnancy, but there are many facts which do not 
fit into this view. A difficulty is that mstrogen will produce 
menstruation and, that a non-ovulating monkey without a corpus 
luteum continues to menstruate from a resting- endometrium. The 
factor causing this breakdown cannot be the regression of the 
corpus luteum, and evidence suggests that the ovaries are concerned, 
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for it has been found that in ovarieetomised monkeys oestrogen will 
not cause menstruation. Since normal menstruation is. associated 
with a marked fall in blood oestrogen, and that produced by oestrogen 
occurs after the injections cease, it may be suggested that it is the 
fall of the blood oestrogen which is most important. There is 
probably a cyclic mechanism causing menstruation, possibly central 
or possibly in the interstitial cells, just as there is in those 
producing ova. 


The Menopause or Climacteric. 

In the female there takes place, usually between the age of 
forty-five and fifty, a regression of sexual potentiality. The 
menstrual periods stop suddenly or gradually, the cessation being 
sometimes preceded by excessive menstruation, the glandular tissue 
of the mammary glands degenerates and is replaced by fibrous tissue 
or fat, while in- some there is a degeneration of the sexual organs. 
Sexual desire, which is apparently a pituitary function since it 
persists after complete removal of the ovaries and uterus, may 
persist. The ovaries, however, cease to produce ova or corpora 
lutea and reproduction is no longer possible. 

General changes often occur. There may be a gross exaggeration 
of the “ middle-aged spread ” or weight may be lost. Various psychic 
changes, notably depression and irritability, also occur and are 
successfully treated by the administration of oestrogens which make 
“ the change of life ” less abrupt. Vitamin E has also' been found 
of great benefit especially for the vasomotor disturbance which 
occurs at the menopause. The beneficial effect of pituitary hormones 
in cases of Simmonds’ disease suggests that the climacteric may be 
due to basic pituitary changes. 

Gekerai, References to Sex Hormones. — ^Allen, 1931 ; Hamblin, 1939. 

Eeetilisation. 

Fertilisation is the union of the male^ and female gametes, 
that is to say, of the spermatozoon and the mature ovum. 

The act of coitus or copulation is associated in both sexes with 
much psychical excitement, and with the phenomenon of erection. 
The spermatozoa are thus deposited at the entrance of the 
uterus, and by means of the flagellar movement of their tails they 
make their way against the stream of ciliary movement into the 
Fallopian tubes, where they are found in a living condition for 
many days. It is here that they meet the mature ovum and 
occasionally the ovum becomes embedded in the wall of a tube. 
Normally in man it passes down to the uterus. Fertilisation or 
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impregnation only requires the entrance of' one spermatozoon into 
the ovum. The spermatozoon pierces the zona peliueida, and the 
head, neck, and possibly part of the body enter the substance of 
the ovum, where they undergo transformation, and are converted 
•into a male pronucleus which fuses with, the female pronucleus to 
complete the process of fertilisation. 

Loeb suggested that the action of the spermatozoon is essentially 
chemical, because in certain animals (for instance sea-ui’chins) he 
was able to produce artificial parthenogenesis by purely chemical 
methods. When the ova of the sea-urchin are. placed in dilute 
acetic or formic acid, a membrane is formed upon the surface 
of the egg-ceU as it is in normal fertilisation; if the ova are then 
transferred to concentrated sea water for a short time and then 
placed in ordinary sea water, they segment and produce normal 
larvje. He considered that the spermatozoon brings with it enzymes 
or other chemical substances which excite the ovum in the same way 
as- the chemical reagents mentioned. . Such artificial fertilisation has 
now been carried out in frogs’ eggs. 

The changes by which the 'fertilised ovum is- transformed into 
the young animal may take place either inside or outside the’ 
body of the parent. If they take place inside the parent, as in 
mammals, including the human subject, the o-vum is small, and 
the nutriment necessary for its growth and development is derived 
from the surrounding tissues and fiuids of the mother. If the 
development takes place outside the parent’s body, as in birds, 
the egg is larger; it contains a large amount of nutritive material 
called the yolk, and it may, in ad^tion, be surrounded by sheaths 
of nutritive substance. Thus, in the hen’s egg, the yellow part 
alone is comparable with the mammalian ovum, and the larger part 
of that is merely nutritive substance. Upon the yolk is a whitish 
speck, the cicatricula, which is a small mass of protoplasm, about 
^ of an inch in diameter. , In the cicatricula lies the nucleus or 
germinal vesicle, and it is this small mass of protoplasmic substance 
which di'vides and grows to produce the chick; the yoUc and the 
surrounding white are used as food. 

Ova such as the hen’s, in which only a small part, the cicatricula, 
di’vddes and grows, are called meroblastic. Small ova, with little food 
yolk, such as the human o’vum, divide completely during development, 
but numerous gradations occur between the two extreme types. 

The further development of the individual systems of organs by 
which the embryonic rudiments are converted into the more fully 
developed condition in which they' are found at birth is a subject 
fully treated in works on anatomy, embryology, and obstetrics, 
and need not be dealt with in this volume. The nutrition of 
the embryo and the circulation of its blood are, however, matters 
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of primary importance, so that it is necessary to refer to the 
origin of the foetal membranes, as it is by their means that 
nutrition is carried on. 


The Decidua and the Fcetal Membranes. 


When the uterus is ready for the reception of an embryo it is lined 
by a greatly hypertrophied mucous membrane. This is called the 
decidua, because, after the delivery of the child, a portion of it comes 
away from the uterus with the other membranes. 

The ovum has been fertilised in the Fallopian tube, and the 


A 



Fio. 294.— Diagram representing the relation of 
the developing embryo to the decidua at a very 
early stage. 1, Uterine muscle; 2, epiblast 
of embryo; S, inner coll mass of embryo; 
4, decidua basalis 6, decidua capsularis ; 
6, decidua vera; 7, cavity of uterus. 


embryo, by the time it reaches 
the uterine cavity, has usually 
reached the stage of a morula or 
blastula. It rapidly eats its way 
into the substance of the decidua 
which closes over it, obliterating 
the opening through which it 
passed, and thus the embryo 
becomes embedded in the mem- 
brane, which thereupon becomes 
separable into three .parts. 1. 
The part between the embryo and 
the muscular wall of the uterus, 
the decidua iasalis or serotina. 
2. The part between the embryo 
and the uterine cavity, the decidua 
capsularis or rejlexa, 3. The re- 
maining part is called decidua 
vera. Between the decidua capsu- 
laris and the decidua basalis lies 


the embryo, which speedily becomes di£ferentia;ted into the foetus 
and its membranes. The outermost of the foetal membranes is the 


chorion; this is covered with vascular villi, which dip into the 
decidua capsularis and basalis. Inside the chorion is the amnion, a 
closed sac, which surrounds the embryo and is attached to its ventral 
wall at the umbilicus. The amnion is filled with fluid, the amniotic 
jluid in which the foetus floats, and it forms a sheath for the umbilical 
cord by which after a certain time the foetus is attached to the inner 
surface of the chorion, or outer embryonic membrane. The umbilical 
cord contains not only the blood-vessels wliich pass between 
a specialised portion of the chorion which forms the foetal part 
of the placenta, and the foetus, but also the remains of the 
yolk-sac, and the duct by which it is connected with the intestine 
of the foetus. 
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Fio. 295. —Diagram reprosonting a later stage of develop- 
ment than that shown in fig. 294. 1, Uterine muscle; 

villi of^hoiion of embryo; 3, coelom; 4, decidua 
hasalis; 6, decidua capsularis; 6, decidua vera; 7, 
cavity of uterus ; 8, bodystalk ; 9, amniotic cavity ; 10, 
primitive intestine; 11, yolk-sac. 


As the embryo- grows, the decidua capsularis is expanded over 
its surface, and as the growth continues the uterine cavity is 
gradually obliterated and 
the deflidua capsularis is 
forced into contact with 
■the decidua vera, with 
which it fuses. 

As the decidua is merely 
thickened mucous mem- 
brane, it naturally contains 
glands wliich become en- 
larged as the decidua thick- 
ens. It was believed, at 
one time, that the villi of 
the chorion entered the 
glands, but this is now 
known to be incorrect. 

The -villi enter , the inter- 
glandular substance, and, 
in the human subject, the 
glands of the decidua .cap- 
sularis eventually disappear 
entirely. In the decidua basaHs and the decidua vera the superficial 
portions of the glands also disappear ; their deep portions remain in 
an almost unchanged condition, and furnish the epithelium for the 
regeneration of the glands and the lining of the uterine cavity after 
parturition. The intermediate parts of the glands in the decidua 
vera and the decidua hasalis become very much enlarged, and form 
a stratum of the decidua called the spongy layer, and ultimately tins 
layer is converted into a series of clefts, and it is along the line of 
these clefts that the decidua is separated at birth. 

In some mammals in which the connection between the chorion 
and the decidua is less intimate than in the human subject, the 
glands persist to a greater or less extent, and secrete a fluid called 
uterine milk, which is absorbed by the chorion. 

The portion of the decidua which undergoes the greatest change is 
the decidua hasalis. In it a number of large blood spaces is formed, 
and these are separated into masses or cotyledons by fibrous 
strands. The cotyledons are penetrated by chorionic -villi, and^ it 
is this conjunction of chorionic villi and decidua hasalis which 
produces the placenta. The blood-vessels of the chorionic villi are 
usually formed by the mesodermic covering of the allantois, 'another 
foetal outgrowth.- Its origin from the hind-gut is shown in fig. 296. 

The placen-ta is the organ of fcetal nutrition and exer- , \ 

at full term it is seven or eight inches across and wri. , - 
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2. The Carnivoroi(^ Type. — Here the uterine secretion is relatively 
ittle and transient, but the decidua undergoes marked degenerative 
hanges accompanied by autolysis. The resultant autolysate, known 
s embryotrophe, appears 


0 be absorbed by the, cells 
f the villi. 

3. The Primate Type . — 
n this case the degenera- 
ive changes are very pro- 
ounced and the foetal 
lood is separated from 
tie maternal by only the 
apillary epithelium and 
races of the cytotropho- 
last. Nutrition is by 
iffusion direct from the 
3 etal to tlie maternal 
lood. At full term the 
lacenta is a partially 


egenerated and a necrotic 



Fio. 207.— Diagram representing a later stage of develop- 
ment of membranes and placenta than that sho^ in 
fig. 205. 1, uterine muscle; 2, placenta; 3, yolk-sac; 
4, fused decidua vera and capsularis ; 5, primitive blood- 
vessel of embryo ; 6, amniotic cavity (outer surface of 
amnion is fused with inner .surface of chorion); 7, um- 
bilical cord ; 8, foetal villus in placenta. 

(b) Seerctory. — As indicated on p. 815, there is now evidence that 
tie ^placenta is concerned in the elaboration of a hormone which is 
omehow concerned with the nutrition of the foetus, but how is by 

0 means clear. It presumably plays some part in activating 
iteinisation. 

During pregnancy this secretion is excreted in the urine and 

1 presumably responsible for the gonadotropic content of this 
rine. With the removal of the placenta at birth the hormone is 
bsent. 

(c) Excretory. — ^Waste products of foetal metabolism pass into 
he maternal blood (as well as appearing in the allantoic and 
mniotic fluids). 

(d) Storage. — At a period about half-way to two-thirds through 
regnancy the placenta attains its maximum development. It then 
ontains (mainly in the decidual portion) fat, glycogen and iron, 
it this stage the foetal liver is relatively small and contains little 
lycogen and fat. With the later development of the hver, this 
hepatic function ” of the placenta becomes reduced. 

(e) Pespiration. — Oxygen and carbon dioxide traverse the 
lacenta by diffusion dependent on pressure difference on the 


rgan. 

The functions of the 
lacenta are : — 

(a) Nutritive. — ^As out- 
ined above. 
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is. But when once the placenta has attained maturity, the dye 
is found only in the foetal cells which form the layer wliich separates 
the maternal and foetal tissues. The foetus itself remains perfectly 
colourless,' the stain not being able to penetrate this protective 
barrier. Further research has shown another important point, 
for the same cells which vigorously absorb the stain store also 
glycogen, fat, and hoemoglobin temporarily before these .substances 
pass into the foetal circulation. The avi^ty of such cells’ for the 
dye is thus connected with their ftmctional activity in relation to 
really nutritive material; the importance of vital staining in 
embryological research is therefore apparent. (Huggett.) 

The Fcetal Oikoulation. 

We shall not enter into the complex manner in which the heart 
and blood-vessels of the foetus develop from the embryonic rudiments; 
but when these are fully formed the circulation of the blood is found 
to differ considerably from that wliich occurs after birth. It will 
be convenient to begin its description by tracing the course of the 
blood, which, after being carried to the placenta by the two umbilical 
arteries, has returned, oxygenated and replenished, to the foetus by 
the umbilical vein. 

It is at first conveyed to the under surface of the liver, and there 
the stream is divided — a part of the blood passing straight on to the 
inferior vena cava, through a venous canal called the ductus venosus, 
while the remainder passes into the portal vein, and reaches the 
inferior vena cava after circulating through the liver. Whether, 
however, by the direct route through the ductus venosus or by the 
roundabout way through the liver ^ — all the blood which is returned 
from the placenta by the umbilical vein reaches the inferior vena cava 
at last, and is carried by it (together with the blood from the lower 
part of the body and lower limbs) to the right auricle of the heart, 
into which cavity is also pouring the blood that has circulated in the 
head and neck and arms, and has been brought to the auricle by the 
superior vena cava. It might be naturally expected that the two 
streams of blood would be mingled in the right auricle, but such is not 
the case, or only to a slight extent. The blood from the superior vena 
cava — the less oxygenated fimd of tlu^* two — passes almost exclusively 
into the right ventricle, through the aurioulo-ventricular opening,'just 
as it does in the adult; while the blood of the inferior vena cava is 
directed by the fold of the lining membrane of the heart, called the 
Eustachian valve, through the foramen ovale into the left auricle, 
whence it passes into the left ventricle, out of this into the aorta, 
and thence to all the body, but chiefly the head and neck. The 
blood of the superior vena cava, which, as before said,' passes into the 
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right ventricle, is sent out from there in svmll amount tlirough the 
pulmonary artery to the lungs, and thence to the left auricle, % the 
pulmonary veins, as in the adult. The greater part, ho-vvever, does 
not go to the lungs, but instead passes through a .canal, the kuctm 
arteriosus, leading from the pulmonary artery into the aorta just below 


To head 



Fio. 201). — Diagram of tbe foetal circulation. "Witli the exception of the portal vein, P.Y., tbe dark 
shaded vessels are peculiar to the fcctus and disappear in the adult. 


the origin of the three great vessels which supply the upper parts of. 
the body; and there meeting that part of the blood of the inferior 
vena cava which has not gone into these large vessels, it is distributed 
with it to the trunk and other parts — a portion passing out by way 
of the two umbilical arteries -to the placenta. From the placenta it 
is returned by the umbilical vein to the under surface of the liver, from 
which the circulation started. 
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The Respiration and Nourishment of the Foetus. 

The subject of the respiration of the fcetus has been studied 
especially by Barcroft and Huggett and the following points 
appear clear . 

1. The transference of gases to, and from the foetus is by diffusion. 

2., The dissociation curve of the foetus is shifted to the left and 
upwards, whereas that of the pregnant animal is shifted to the right 
and downwards compared with the non-pregnant animal. The latter 
shift is due to decreased while the former is due to a different 
type of 'hfemoglobin as is indicated by the different shape of the 
dissociation curve. These changes in the foetal and maternal blood 
result in a higher saturation of foetal htemoglobin at relatively low 
oxygen pressures than would other^vise occur. 

It is evident that the fmtus receives all its nourishment 
from the mother through the placenta. It is presumed that the 
substances necessary, glucose, amino-acids, salts, and the like, pass 
through the walls of the blood-vessels of the villi by a process of 
diffusion. 

It has been found that the blood of the foetus differs somewhat 
from that of the mother, especially in regard to the variety of 
hsemoglobin it possesses. The foetal brnmoglobin is capable of 
becoming saturated at a lower partial pressure than that of 
the mother. This obviously facilitates the loading of oxygen which 
is made particularly readUy available by the fact that the blood 
loses alkalinity during the second half of pregnancy. Thus the 
pressure head of oxygen in the placenta is increased, the decreased 
alkalinity having a similar effect to the addition of carbon dioxide. 

Parturition. 

During pregnancy the uterus and its contents increase in size, 
.and we have abeady alluded to the changes in its mucous membrane 
or decidua, and the formation of the placenta ; the principal factor 
in the distension of the uterus is the accumulation of the amniotic 
fluid. The muscular wall of the uterus also hypertropliies ; this is 
in part due to the formation of new muscle-fibres, and in part to the 
increase in size of the pre-existing muscle-fibres. The muscular 
wall is one of immense strength. 

The foetus “comes to term” in the human subject on the 
tenth menstrual epoch after conception; this averages 280 days 
after the last menstruation. Delivery is the result of uterine 
contractions or “labour pains”; the liquor amnii is thus forced 
downward and presses the membrane formed by the fused amnion 
and chorion through the cervix of the uterus which is gradually 
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distended. "WTien the distension is sufficient the membrane ruptures, 
and the amniotic fluid escapes. The orifice is then fully distended, and 
the foetal head enters the pehds. the pains become more frequent 
and energetic, and the voluntary muscles of the abdomen are brought 
into play, so' that ultimately the new-born child is expelled to the 
exterior. ' The process usually lasts some hours, but the time is much 
prolonged (ten, twenty, or even more hours) in the birth of a first 
child. The child is still connected 'with the placenta by the umbilical 
cord, which is about 20 inches long, and this connection should not 
be severed for a few minutes in order that as much blood as possible 
may be aspirated from the foetal part of the placenta into the child 
as breathing commences. 

After the child is expelled, the contractions of the uterine walls 
recommence after a lapse of twenty to thirty minutes, and the 
placenta is separated and forced out. The separation extends 
through the decidua along the line of the stratum spongiosum, and 
the fused chorion, amnion and decidua turned inside out, follow the 
placenta to which they are attached, constituting, •with the placenta, 
the after-birth. 

After the umbilical cord is tied and separated, the umbilical 
arteries inside the child become filled with blood-clot, and are 
ultimately converted into fibrous cords, the so-called obliterated 
hypogastric arteries; at the same time the allantois is also con- 
verted into a fibrous strand, the urachus, which extends from the 
apex of the bladder to the umbilicus. 

The haemorrhage from the uterus which accompanies and follows 
the after-birth may be. profuse at first, but under normal conditions 
is soon checked by the firm contraction of the uterine walls. 

Although it has been shown that delivery may occur when all nerves 
connecting the uterus with the central nervous system are cut through, the 
contractions of the organ are normally influenced reflexly through the nervous 
system. Stimulation of various sensory nerves will produce contractions of the 
pregnant uterus, and premature delivery may occur as the result of mental and 
physical disturbances. 

The determining factor which produces the labour pains at a particular dale 
has been much discussed ; some think it is maternal in origin, sudi as a degenera- 
tive condition set up in the placenta or decidua, whereas others consider that 
the initial impulse comes from the foetus, which secretes certain products that 
stimulate uterine contraction. 

After delivery, the uterus undergoes reduction in size at a faMy 
rapid rate. This has been attributed to fatty degeneration but 
for this there is little evidence. The theory at present most in 
vogue to explain “involution of the uterus” is that the process is 
one of autolysis due to the action of intracellular digestive enzymes. 
^Tiile it is occurring, the urine of the mother contains creatine, a 
substance wliicb is normally absent from that excretion. It has been 
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supposed that this substance originates from the rapid destruction 
of the uterine muscle. It has, however, been shown that creatine 
occurs after, delivery even if the uterus is amputated, so that the 
creatine of the ■ uterine muscle cannot then be the source of the 
urinary creatine ; there is evidence that the creatine is associated in 
some way with the metabolism of the mammary gland. 

The atrophy or involution of the uterus which occurs at the 
menopause appears also to be produced in the same way, and it has 
been suggested with some reason, that the symptoms exhibited at 
that period of life may be in part explained as due to the absorption 
of the products of the autolysis of the uterine tissue. ‘ 



CHAPTEE LIS 


THE GEOWTH AND EEPAIE OF THE BODY 

The growth of 'the body is dependent on the growth of the individual 
cells of which it is composed and in which the power of growth 
appears to be inherent. This power of the individual cells to grow, 
which is particularly well seen in embryonic tissues, can he shown 
by keeping the cells under suitable conditions. The medium 
commonly employed is sterilised Einger’s solution or blood-plasma 
-h embryo extract. By this means of tissue culture the cells 
of various organs may be kept alive for an indefinite number of 
years. The cells, however, grow into a mass, and are liable to die 
after a few days. In order to continue the growth of the cells it is 
necessary to transplant small pieces of the culture to a new medium 
from time to time. 

Local Growth . — Normally in the body the cells not only grow 
but appear to be influenced by other cells in their vicinity. The exact 
mechanism which prevents the different varieties of cells from 
invading each other is not known, and this is a fundamental difficulty 
in the imderstanding of cancer, the great characteristic of which is 
such invasion. 

The phenomenon of general body growth is exhibited in all 
young mammals for a limited period which, in man, lasts xmtil the 
twentieth or twenty-fifth year. At the end of this period the bones 
reach their normal maximum size, and the individual may he 
considered to have reached adult life. Thereafter, however, the 
power of growth is not lost, but continues to be exhibited by 
tissues especially if they are injured or if there is an 'increased 
demand for their activity. Thus, for example, a broken bone will 
repair itself, disease in one kidney will result in an enlargement of 
the other, or the muscles may still grow in accordance with require- 
ments. Normally, it appears that every tissue of the body is 
constantly being renewed. "We are all familiar with the continuous 
growth of the hair and the nails. 

The continuance of the power of repair is of the utmost importance 
to the indi^ddual, since its cessation marks the onset of senility and 
lessened power to resist disease or recover from injury. 

The growth of the body as a whole is determined largely by 
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heredity, but it is now realised that various factors play a considerable 
■ part. Of these the most important is the diet. 

Diet in Delation to Grototh . — In order that an animal should grov/ 
it is essential that it should be sxipplied with adequate food, not 
only to supply its immediate needs in regard to tissue repair and 
energy exchanges, calories, but in addition that it should have 
sufficient to provide for' the building up of new tissue. Thus a 
growing boy may require as- much food as a man. In relation to 
Protein Metabolism we have already seen that certain amino-acids 
are more essential than others in the synthesis of tissues. It 
has been shown, for example, that a diet lacking in lysin and 
tryptophan, although it will maintain life, is insufficient for growth. 
In addition, certain vital elements, which we designate vitamins, 
and wliich can only be obtained from natural foodstuffs, must be 
supphed if body growffh and its maintenance are to be normal. 
Specially concerned in growth are -vdtamins A, D and B, while salts, 
such as those of iron, calcium, iodine, are essential. Vitamin C 
appears to be specially important in repair after injury, especially 
for the activity of the fibroblasts which produce fibrous tissue. 

■ Certain ductless glands also play an important part in growth. 
Tlie thyroid, we have seen, is specially concerned in the metabolic 
rate and metamorphosis of cells. The anterior lobe of the pituitary 
is also intimately concerned with growth, especially that of the 
skeleton, and if over-active may lead to gigantism. 

The Skeleton. 

This is the framework on wliich the soft parts are built. It 
consists of the bones and cartilages which are bound together by 
ligaments of fibrous tissue. 


Cartilage. 

Serving a similar supporting function in the body as bone, 
cartilage is popularly known as gristle. 

In some regions, as at the ends of bones, the cartilage is hyaline 
and has a simple structure. No blood-vessels penetrate the matrix, 
through which lymph simply soaks to reach the cartilage cells. 
This relatively poor nutrition furnishes a possible reason why 
hyaline cartilage in many situations (costal, laryngeal, tracheal) shows 
a tendency to become calcified late in life. 

On boiling, the ground-substance of cartilage yields a material 
called chondrin. This resembles gelatin very closely, and the 
differences in its reactions are due to the fact that chondrin 
is really a mixture of gelatin with varjdng amounts of mucoid 
substances. 
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Cartilage of this kind forms the rib cartilages and prefigures 
most bones in development. 

In some regions where toughness is requii-ed, as in the semilunar 
cartilages of the knee-joint or the intervertebral discs, the cartilage 
cells lie in a dense fibrous matrix. This variety is known as white 
fibro-cartilage. 

In others where flexibility is desirable, elastic flbres are scattered 
between the cells. Such yellow or elastic fibro-cartilage Js found 
in the pinna of the external ear and the epiglottis. 

Development of Cartilage. — Like other connective tissues, car- 
tilage originates from mesoderm ; the cells are unbranched, and the 
disposition of the cells in fully formed cartilage in groups of two, 
four, etc., is due to the facb that each group has originated from the 
division of a single cell, first into two, each of these again into two, 
and so on. -This process of cell division is accompanied by the usual 
karyokinetic changes. ' 

Each cell deposits on its exterior a sheath or capsule ; on division 
each of the i daughter-cells deposits a new capsule witW this, and 
the process may be repeated. 


Bone. 

Bone is composed of organic and inorganic constituents which 
are so intimately blended and incorporated the one with the other, 
that it is only by severe measures, as for instance by a white heat in 
one case and' by the action of concentrated acids in the other, that 
they can be separated. Their close union, too, is further shown by 
the fact that when by acids the inorganic matter is dissolved out, or 
on the other hand when the organic part is burnt out, the shape of the 
bone is alike preserved. 

The proportion of organic matter is greater in the bones of 
infants than in those of adults. 

To the naked eye there appear two kinds of structure in different 
bones, and in different parts of the same bone, namely, the den^ or 
compact, and the spongy or cancellous tissue. Thus, in making a 
longitudinal section of a long bone, as the humerus or femur, the 
articular extremities are found capped on their surface by a thin 
shell of compact bone, while their interior is made up of the spongy 
or cancellous tissue. The shaft, on the other hand, is formed almost 
entirely of a thick layer of the compact bone, and this surrounds a 
central canal, the 'mcdulla.ry cavity — so called from its containing the 
medxdla or marrow. 

In the flat bones, as the parietal bone or the scapula, the can- 
cellous structure (diploe) lies between two layers of the compact 
tissue, and in the short and irregular bones, as those of the wrist 
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and foot, the caficellous tissue fills the interior, while a thin shell 
of compact bone forms the outside. 

: Marrow. — There are two distinct varieties of marrow — the red 

and' the yellow. 

Bed marrow occupies the spaces in the cancellous tissue ; it is 
highly vascular, and thus maintains the nutrition of the spongy 
bone, the interstices of which it fills. It contains a few fat-cells 
and a large number of marrow-cells. The marrow-cells are amoeboid, 
and resemble large leucocytes ; the granules of some of these cells 
stain readily with acid and neutral dyes, but a considerable number 
have coarse granules wMeh stain readily with basic dyes such as 
methylene blue. Among the cells are some smaller nucleated cells 
• of the same tint as coloured blood-corpuscles. These are termed 
■ erythroUasts. From them the coloured corpuscles of the blood are 
developed. There are also a few large cells with many nuclei, termed 
giant-cells or inyeloplaxes. 

Yellow marrow fiUs the medullary cavity of long bones, and con- 
sists chiefly of fat-cells with numerous blood-vessels; many of its 
cells also are the colourless marrow-cells just mentioned. 

Periosteum. — The surfaces of bones, except the part covered 
with articular cartilage, are clothed by a tough, fibrous membrane, 
the periosteum. 

Histology of 

Examined with a rather high power, bone substance is found to 
contain a multitude of small irregular spaces, approximately fusi- 
form in shape, called lacunae, with very minute canals or eanaliculi 
leading from them, and anastomosing with similar little prolonga- 
tions from other lacunae (fig. 300). ^In life the lacunae and eanaliculi 
are , occupied by bone-cells which mre essentially connective-tissue 
cells ; these, form ^the organic matrix of the bone in which calcium 
becomes deposited) The nutrient lymph passes from place to place 
by way of the eanaliculi;] In very thin layers of bone, as in cancellous 
bone, only lacunae may lie visible ; but on making a transverse section 
of the compact tissue as of a long bone, e.g. the humerus or ulna, the 
arrangement shown in fig. 300 can be seen. 

The bone is mapped out into small circular districts, at or about 
the centre of each of which is a hole, around which is an appearance 
as of concentric layers ; the lacv/ace and eanaliculi follow the same 
concentric plan of distribution around the small hole in the centre, 
with which indeed they communicate. 

/On making a longitudinal section, the central holes are found to 
be'simply the cut extremities' of small canals which run lengthwise 
through the bone, anastomosing with each other by lateral branches 
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Nourishment of Bone. 


Trom the . blood-vessels of the periosteum branches enter the 
little foramina on the surface of. the bone, and find their way to 
the Haversian canals, described above. The long bones are supplied 
also by one or more nutrient arteries which, entering the shaft so as 
to reach the medullary cavity, break up into branches for the supply 
of the marrow, from which again small vessels are distributed to 
Haversian' canals from the interior of the bone. Other small blood- 
vessels pierce the articular extremities for ' the supply of the 
cancellous tissue. The bone-cells in the lacunas are nourished by 
lymph which gains access to them by the canaliculi.- 



Fio. SOI. — Losgitudical section from the human Fio. 302. — Bonc-corpuscles with their processes 
. ulna, showing Haversian canals, lacunie, and as seen in a thin section of human hone, 
canaliculi. (Rollett.) (Rollett.) 


. Development of Bone. 

From the point of view of their development, bones may be 
subdivided into two classes : — 

. (a) Those which are ossified directly in the embryonic connective 
tissue — e.ff., the bones forming the vault of the skull, parietal, frontal, 
and a certain portion of the occipital bone. 

(5) Those whose form, previous to ossification, is laid down in 
hyaline cartilage— e.g., humerus, femur. 

In both eases, bone is produced by bone-formative cells called 
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it is often seen to be capped by a tuft of fibres on which the 


advance guard of osteoblasts ii 
osteogenic calcification occur- 
ring between the fibres under the 
influence of the osteoblasts, the 
fibres 'and the cells gradually 
become embedded within the 
advancing bone. The spicules or 
trabeculm of bone branch and 
anastomose with one another so 
that a meshwork of bone is 
formed. In certain situations 
where bony strands are being 
tliickened, a regular row of 
osteoblasts is formed on their 
surface. In other positions a 
sculpturing process is at work, 
the newly-formed bone being de- 
molished by large multinucleated 
bone - destroying cells called 
osteoclasts. This continuous re- 
modelling goes on to accommo- 
date the developing bone to the 
growth changes around it. As 
the skull cavity, ior example, 
enlarges, the curved bones in the 
vault have fresh material added 
to their convex surfaces by 
osteoblastic action coupled with 
absorption of bone on their 
concave surfaces by osteoclastic 
activity. Round each individual 
bone- the connective tissue con- 
denses to form a fibrous sheath, 
the jperiosteiim, beneath which 
are arranged the osteoblasts ' on 
those , surfaces where further 
bone growth is taking place. 
The trabecula towards the surface 
become altered to compact bone 
with typical Haversian systems, 
wliile in the interior the tra- 
becular arrangement is retained to 
form the cancellous bone contain- 
ing spaces filled with red marrow. 


arranged. Such is. called an 


O 



Fio,80-i.— Section of two foetal phalanges; the carti- 
lage-cells in the centre of B are enlarged and 
separated from one another by calcified matrix- 
tm, Layer of bone deposited under the perios- 
teum; 0 , layer of osteoblasts by which this 
layer was formed. The rows of cartilage-cells 
are seen on each side of the centre of calcifica- 
tion. In A, the terminal phalanx, the changes 
begin at the tip. (After Dixey). 
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Ossification in Cartilage. — ^This process is typically seen in the 
de%'elopment of one of the long bones of the limbs. Here the future 
bone is first modelled in hyaline cartilage, but it must be remembered 
that this foetal cartilaginous bone is many times smaller than even 
the medullary ca^^ty of the shaft of the mature bone, and, therefore, 
that not a trace of the original cartilage can be present in the bone 
of the adult. Its purpose is indeed purely temporary ; and, after its 
calcification, it is gradually and entirely absorbed. This cartilaginous 
model is at first completely sheathed in a condensation of the mucoid 
tissue termed the perichondrium. Over the articular ends of the 
bone this disappears later. 

The process of ossification may be most conveniently described as 
occurring in three principal stages. 

The first stage consists of two sets of changes, one in the carti- 
lage, the other under the perichondrium. These take place side 
by side. In the cartilage the cells in the middle * become enlarged 
and separated from one another. They become arranged in rows 
in the direction of the extremities of the cartilaginous rod. The 
cartilage-cells degenerate and the thinned walls between the enlarged 
spaces undergo a calcareous change. Simultaneously with this, a 
row of osteoblasts appears beneath the perichondrium- round the . 
centre of the shaft 'and these proceed to form layer, after layer 
of bone on the surface of the cartilage. The osteoblastic layer 
gradually advances towards the ends of the cartilage and by it the 
layer of bone around the middle of the shaft is extended. As the 
layers are formed, some of the osteoblasts get walled in between the 
layers and become bone-cells. 

We may roughly compare the two sets of cells engaged in the 
process to two races of settlers in a new country'. The cartilage-cells 
constitute one race, and so successfully build for themselves calcareous 
homes as to bo completely boxed up ; so they waste and disappear, 
leaving only the walls of their homes. The osteoblasts, the other 
race of cells under the perichondrium, are forming layers of true 
bone in that situation. Some, it is true, get walled-in in the process, 
and become bone-corpuscles, but the system of intercommunicating 
lacunm and canaliculi maintains their nutrition. 

These two races are working side by side, and at firstj do not 
interfere with each other. But soon comes a declaration of war, 
and we enter upon the second stage of ossification, which is very 
appropriately’ called the stage of irruption (fig. 305). Breaches occur 
in the bony’ wall which the osteoblasts have built like a girdle round 
the calcifying cartilage, and through these the osteogenic tissue is 
poured into the calcified cartilage. This consists of osieohlasts, 

Tliis K the case in nearly all the long bones, but in the terminal phalanges 
Ujc change occurs first, not in the middle but at their distal extremities. 
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osteoclasts, and a store of nutrient supply in the shape of. blood- 
vessels. 

Having got inside, the osteoclasts set to work to demolish the 
calcified homes of the cartilage-cells, and thus large spaces are 
formed. On the, ruins of the calcified cartilage, the osteoblasts 
proceed to deposit true hone in layers, just as they were wont to do’ 
in their own country, under the periosteum.. 



Fio, 305. — Gasification in cartilage showing stage of irruption. The shrunken cartilage-cells are seen 
in the primary areolte. At it an irruption of the subperiosteal tissue has penetrated the sub- 
periosteal bony crust. (After Schafer.) 

The third stage is the extension of the process of ossification thus 
initiated towards "the extremities of the cartilage; The cartilage- 
cells enlarge, form longitudinal rows, widen their spaces, and finally' 
degenerate. Calcification occurs in the remnants of cartilaginous 
matrix, and on this scaffolding the osteogenic tissue extends the 
area of true bone, with ultimately the complete disappearance of 
the calcified cartilage. The first-formed bone within the shaft and 
the deeper layers of subperiosteal bone are absorbed by osteoclasts 
so that a medullary cavity is establislied, which continues to enlarge 
in all directions. / 
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Olieinistry of Ossification. 

For normal ossification- to take place it is necessary that there 
should he present not only the general requirements for growth, hut 
also an adequate amount of calcium , and phosphorus, together 
with sunlight and vitamin D. Also since calcium and phosphorus 
are absorbed into the blood in solution, there must he present some 
mechanism by which these substances become deposited where they 
are required. The chemical reactions which are believed to take 
place are as follows : — 

■ If a solution is satui’ated with a very slightly soluble solid such 
as calcium phosphate Ca 3 (P 04 ) 2 , any addition to the dissolved 
Ca++ or PO/' will lead, by laws of mass action, to a precipitation 
of the solid. It -is known that the concentrations of calcium and 
phosphate ions in blood plasma are such that at the of plasma 
these concentrations are very near the limit of saturation of that 
fluid with tertiary calcium phosphate. In fact, Holt, La Mer, and 
Chown have stated that blood is 200 per cent, supersaturated with 
calcium phosphate. It is clear that conditions would he very 
favourable for the local deposition of tertiary calcium phosphate if 
the concentrations of Ca++ or PO 4 '" could be increased at the site 
where deposition was necessary. A mechanism which appears to 
ensure that these favourable conditions actually occur in growing 
bone has been demonstrated by Eohison and Iris collaborators. 
The work had an accidental beginning in the observations of Eohison, 
that during en zymotic hydrolysis of the calcium salts of hexose 
phosphate in the products of fermentation of yeast ' juice, an 
insoluble precipitate of calcium phosphate was formed. Experi- 
mental evidence of a very convincing kind has shown that an enzyme, 
phosphatase, a phosphoric esterase, is present in ossifying cartilage, 
mainly in the zone of hypertropMc cartilage cells and also beneath 
the periosteum in young hone (i.e. in the zone in which calcium 
salts are being actively deposited). _ It is also present to a lesser 
extent in adult bone. This enzyme will convert soluble calcium 
salts . of phosphoric esters into insoluble calcium phosphate in vitro, 
and Kay and Eohison have shown that it will hydrolyse a portion 
of the phosphoric esters normally occurring in circulating blood. 
This hydrolysis, if it takes place in the locality in which the enzyme 
is known to occur, will clearly lead to a local increase in inorganic 
phosphate concentration, i.e. to the conditions just mentioned as 
being very favourable for the local deposition of tertiary calcium 
phosphate. It has been found, however, that the presence of an 
amount of phosphorus sufficient to bring about the proper calcium 
. phosphorus ratio is essential The precipitation of the phosphorus 
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Death. 

It is not altogether inappropriate to conclude a book which deals 
with life by a few sentences on Death, which forms the final chapter 
for each individual. As the prime of life is past,, signs of old age 
begin to appear— the eyes become feeble, the hair becomes grey, the 
cartilages- calcify, the muscles become weaker, digestion gets feebler, 
and' metabolism in. every' way more and more imperfect. If this 
continues, life is ultimately terminated by natural death, in which 
the functions get weaker and weaker and finally cease. Death from 
old age is, however, comparatively rare ; the common cause of death is 
accident, in which term we include disease. In the activity of youth 
many a disease is vanquished, but as the powers of resistance 
diminish with increasing years, some ailment 'usually upsetting more 
particularly some important orgain will ultimately find the body 
unable to repel its attack. 

Legally, death in man is said to have occurred when the heart 
and respiration have stopped. Sometimes when these are both 
weak the exact time of death may be very difficult to decide, but 
it ' will be realised that for some time after death it -would be 
possible to demonstrate the activity of many organs if they were 
removed and perfused with oxygenated blood. 
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Ii\IPOETANT PHYSIOLOG-ICAL DATA 

Which Should be Memorised. ' 

NoU. — As far as possible average figures are given, Uut it must be understood 
that even normals may vary outside the limits given. - 

Vascular System. 

Heart -rate, resting, 50 to 80 per 
minute. 

Heart-output, resting, 4 to 6 litres per 
minute. 

Heart-output in exercise, up to 30 litres 
per minute. 

Blood-pressure, resting — 

Systolic, 105 to 150 mm. Hg, 

Diastolic, 70 to 90 mm. Hg. 

Canillary, 5 to 35 mm, Hg. 

Blooa-flow velocity — 
in main arteries, 1 metre per second, 
in capillaries, 0*5 mm, per second. 

Pulse-wave velocity, 6 to 7 metres per 
second. 

Ringer’s solution, NaCl 0*9 per cent,, 

KCI 0*042 per cent, CaCU 0*024 
percent, NaHCOs 0*015 per cent 

Blood volume, to body-weight, 
i.r. about 6 litres in adult 

Red corpuscles, 5 to 6 millions per 
c.mm. 


Respiratory System. 

Atmospheric Air. Expired Air, Alveolar Air. 

O, 20*96 per cent O, 16*4 per cent O, 13 to 14 percent 

CO 2 , 0*04 per cent COg, 4*1 per cent CO 2 , 5 to 6 per cent 

Vital capacity, 3000 to 4000 c.c. Supplemental air, 1500 c.c. approx. 

Tidal air, 400 to 500 c.c. Complemental air, 1500 c.c. approx. ' 

Respiratory rate, 9 to 20 per minute. Residual air, 1300 c.c. approx. 

Oxygen in arterial blood : amount 18*5 to 19*5 c.c. percent ; tension'^ 

80 mm. Hg. 

Oxygen in venous blood: amount 13*5 c,c. per cent; tension 
50 mm. Hg. , - ^ 

Carbon dioxide in arterial blood : amount 54 c.c. per cent ; tension . • 

45 mm. Hg. ' . ’ Westing. 

Carbon dioxide in venous blood: amount 58 c.c. per cent ; tension 
48 mm. Hg. 

Oxygen consumption, 200-400 c.c. per minute. 

Carbon dioxide output, 160-250 c.c. per minute. j 

Basal metabolic rate, resting, 1700 Calories per day or 40 C. per sq. m. per hour; 

Total Respiratory Quotient, 0*82. ^ ^ 


White corpuscles, 5000 to 10,000; poly- 
morphs, 70 percent; lymphocytes, 
23 to 25 per cent ; large mono- 
nuclear, 1 per cent ; eosinophils, 
2 to 3 per cent ; basophils, 0*05 
per cent 
Blood pH, 7*4. 

Blood sugar, 0*08 to 0*18 gm. per 100 
c.c. 

Blood urea, 30 toj40.mg.^pecJL00jc,c. 
Blood creatinine, 1 to 2 mg. per 100 

c.c. 

Blood urea nitrogen, 10 to 15 mg. per 
100 c,c. 

Blood calcium, 10 mg. per 100 c.c. 
Non-protein nitrogen, 25 to 40 mg. 
per 100 c.c. 

Haemoglobin content, 14 gms. per 100 

C.C. 

Oxygen capacity, 17 to 20 c.c. per 
100 . 
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Poods. 

C^ilorific values per gramme and respiratory quotients — 


Carbohydrates. F.ats. 

4-1 C. 9-3 

R.Q. I’O 0*7 


Proteins. 

4*1 in body, 5*6 in calorimeter. 
0*8 


MUk. 


"Cow (Ayrshire) 
Human 

Gastric Contents, etc.' 


Pxotoins. 

Fats. 

3*5 

3*7 

1*7 

3*4 


Carbohydrates. 



variable. 


HCI, not usually above 0*2 per cent 

Inorganic chlorides, not iisually above 0*36 per cent 

To convert HCI to chlorides multiply by \ 

Optimum jsH of ptyalin, 6*7 ; of pepsin, 1*3 ; of trypsin, 8*1. 

Fat in dry feeces, 25 per cent . 


. Urine. 

Urea 1 *5 to 2 per cent , daily excretion 20 to 40 grams 
Ammonia, daily excretion 0*3 to 1*2 gram. 

Creatinine, daily excretion 0*9 gram. 

Chlorides (as NaCl), daily excretion 10 to 16 grams. 
Sulphur (as SOs), daily excretion 2 grams. 

Neutral sulphur, daily excretion 0*18 gram. 

Phosphates, daily excretion 2 to 4 grams. 

Uric.acid, daily excretion 0*5 to 0*75 gram. 

Volume, 1500 (approx.); 5 to 8; sp. gr, 1016 to 1080. 


j- ratio about 50 to 1. 


Eye (reduced). v 

Distance of nodal point from cornea, 7*3 mm. 

Focal length, 15*5 mm. 

Length of eye, 22*8 mm. 

Muscle and Nerve. 

Nerve impulse rate, cold-blooded, 30 metres per second. , 

Nerve irnpulse rate, warm-blooded, 120 metres per second. 
Refractory relative period of nerve, 0*015 second ; absolute, 0*003. 
Refractory period or muscle, 0*005 second. 
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Accommodation, of eye, 739, 743-7 
reaction to, 771 
' Acetaldehyde, 263 

Acetic aldehyde, in formation of fat, 474 
Acetone, chemistry of, 263 
in ^-oxidation (fat metabolism), 487-9 
in urine, 541 
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a-amino-isobutyl-acetic (leucine), 285 
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formation, 263 
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Acid — continued 
acrylic. 271 
adenylic, 280, 481 
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AMINO-, 203, 277, 281, 284-7, 305, 321, 654 
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and specific dynamic action of proteins, 364 
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bacterial action on, 447-8 
biological value of, 501 
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fate of, 490-3 
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diamino-, 277, 286 
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dissociation of, 293 
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essential, 489 • ^ 
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flavinphosphoric, administration after adrenal 
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formic, 271 „ 

gastric, colour tests for, 436 

glucuronic, 265, 474, 512 
glutamic (amino glutaric), 285, 298 



860 


HTDEX 


ACID. 

Acid — cor4inufd 
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hcptoic, 4SS 

hcrosc monophosphoric, 310 
hippuric, 4S7, 511, 512, 535-6 
homogcntlsic, in alkaptonuria, 541 ■ 
hydrochloric, colour tests for, 436 
of gastric juice, 414-8 
origin of, 415 
on starch digestion, 413 
secretion by oxyntic cells, 425 
hydroxy, 493 

imidazole-amlno-propionic— Histidine q.v, 
indole amino-propionic— Tryptophan g.r. 
iodo-acetlc, on muscle contraction, 39-40 
on rigor mortis, 45 
isomeric, definition of, 267 
lactic, 272 

and oxj’gen debt, 254 
colour tests for, 436 . 
conversion to fatty acids, 474 
in blood from tetanjscd Urab, 168 
in glycogenolysis, 481 
in muscle contraction, 39-42 
in oxidation of carbohydrate, 474-5 
in production of fatigue, 70 
in production of pain, 74 
in severe exercise, 225, 231, 256 
In souring milk, 268 
in tissue respiration, 249 
on capillaries, 143, 167 
on respiration, 42 
linoleic, 4S9 
linolenlc, 489 
mandelic, 529 

methyl -guanidine acetic = Creatine ff.r, 
mono-amino-, 280 
mono-amino-caproic— Leucine q.v, 
raonoiodo-acetic, 439, 442 
mucic, 267 

nicotinic, 305, 310, 384 

nucleic, 264, 279-80, 374, 493-0, 554 

oleic, 271 

on amceboid and ciliary movements, 7 
on cascinogen, 891 
on gastric secretion, 422 
on Hering-Breuer reflex, 234 
on peristalsis, 455 
on proteins, 282 
on ptyalin action, 413 
on respiration, 231 
on spermatozoa, 799 
organic, on peristalsis, 455 
osmic, 271 
lipins on, 276 
oxyprotelc, 530 n 
p-amino-benzoic, 513 
IKilmitic, 271, 272, 275 
para-hydroxyl-phenyl ^Tyrosine q,v. 
iflicnaceturic, 487 
phenyhcetic. 487, 511, 513 
phosphates. In rigor mortis, 45 
of plasma, 223 
phosphoric, 275, 494 
in muscle contraction, 39-42 
In oxidation of carbohydrates, 475 
phytic, 3S2 
picramic, 260, 512 
picric, 206, 511-12 

propionic. 271, 234, 488 ' 

prussic, absorption of, 437 
pjTUVic, 272, 310, 384, 474-5 
raccharic, 267 
earcolactlc, in muscle 46 


Adsorption. 

Acid — eoniinued 

in rigor mortis, 45, 49 
stearic, 271 

sulphuric, detoxication by, 51 
taurocholic, 506-7, 503 
uric, 280, 321, 491, 534-5 
formation of, 185, 495-G, 535 
in urine, 539 
valeric, 271, 285, 488 
Acidiemia (acidosis), 532, 559-GO 
and ammonia : urea ratio, 632 
in ketosis, 483 

Acid-base equilibrium, 516, 556-61 
and motor area of cortex, 035 
capillary response to, 145 
maintenance of, in exercise, 254 
Acrolein, 271 . 

Acromegaly, 785, 786 
Acrosomc, 799 

Adamkic’wicz reaction, for proteins, 281 
for tryptophan, 286 ' 

Adaptation, to environment, 695 
to high altitude, 258 et seq. 
to stimulus, 653-4 
Addison*B disease, 776, 782 
Adenase, 495 
Adem'ne, 280, 495 

Adenoma, of islets of Langerhaus, 478 
Adenosine triphosphate, 143, 496 
Adenyl pyrophosphate, 39-40, 168, 496, 554 
Adipose tissue, 8, 270 
Adiposity, in tumours of pituitary, 784 
ADllENALIKE (adrenal hormone), 776-82 
action of compared nith sympathetic, 67 
85 

and blood depots, 186 
and vasodilator nerves, 165 
destruction of, 780 
formation of, 286, 364, 497 
in hypoglyceemia, 478 
of chromaphil ti^ue, 776 
on alimentary canal, 466, 777, 779 
on bladder, 526 
on blood clotting, 315 
on blood sugar, 481, 482 
on blood vessels, 410 
on bronchial muscle, 198, 779 
on cerebral vessels, 177 
on circulation, 176, 777-8 
on fat absorption, 443 
on hairs, 779 

on heart, 126, 148, 155, 156, 777-8 
on Hering-Breuer reflex, 234 
on glucose absorption, 439 
on intestine, 015 

on liberation of liver glycogen, 554 
on limb volume, 161 
on metabohsm, 779 
on muscularis mucosae, 460 
on pupil, 86, 753, 779 
on respiration, 779 
on saliva secretion, 410 
on skin pigmentation, 566 
on skin vessels, 171 
on submaxillary gland, 410 
on sweating, 666, 779 
on thyroid activity, 357 
oxidation of, 511 

secretion and function, 167, 780-1 
in asphyxia, 246-7 
in exercise, 167, 171 
in heat loss, 569 

Adrenals, Vitamin Bi deficiency on, 383 
Vitamin C of, 386 

See Cortex, adrenal, and Glands, adrenal 
Adrenotropic hormone, 788 
Adsorption, 301 n, 303 
of bile acids, 442 


84 



EtTBEX 


861 


iSROTONOMETER. 


Aneitrin. 


^rotonometcr, 226 
^sthesiometers, 648 

After-discharge, of reflex action, 590, 592 
After-images, 766 et scq. 

, After-loading, 20, 31 
After-sensations, 652 
Age, on body temperature, 571 
on heart rate, 115 
Agglutination of blood, 342 et seq. 

Agglutinins, 343 et seq. 

Agranulocytes, 330 
Agrapliia, 702 
AIR, alveolar, 205, 207-8 
at high altitudes, 258-9 
complemental, 205 
cooling power of, 74-5 
expired, 206, 208-9, 242 
carbon and winter of, 472 
" composition of, 253 
hunger, 175 

inspired, composition of, 253 , 
passage of Oj of, to blood, 226 
passages, ciliary lining of, 6 
quantities breathed, 205 
raid shelters, ventilation of, 242 
reserve or supplemental, 205 
residual, 206 

respiratory quality of, 206-7 
tidal, 205 
Alactacid debt, 41 

Alanine (a-amino-propionic acid), 285, 289, 440, 493 
Alanyl-leucine, 289 
AlanyMeucyl-tyrosine, 289 
Albumins, 276, 277, 280, 282 
characters of, 284 
cleavage products of, 288 
coagulation of, 280 

distinguished from calcium phosphate in urine, 
538 


egg-, 394 

excretion by skin, 506 
in urine, 540, 542 
' of muscle, 46 
of plasma, 319-20 

Albuminoids (obsolete). See Sclcro-protclns 
Albumoses, 283 
Alcohol(s), 262 et seq. 

Alcohol, absorption of, 437, 443 
as adjunct to food, 397 , • 

calorific value, 348 
on blood pressure, 146 
on gastric secretion, 424 
on hypothalamic region, 694 
passage of, from blood to c.s.f., 701 
Aldehydes, 263 
acetic, 474 
formic, 472 
glyceric, 272 
Aldoses, 263, 272 

ALIUffiNTARY CANAL, adrenaline on, 777, 779 
blood supply in severe exercise, 84 
epithelium of, 6 
involuntary muscle of, 49 
nervous control of, 82, 83-4 464-7 
neuro-muscular mechanism, 450-69 
phosphorus in activities of, 554 
structme and function, 399-403 
Alkaljcmia, 560-61 
Alkali, excretion by kidney, 258-9 
in recovery period after exercise, 254 
of blood corpuscles, 221 
on blood sugar level, 478 
on ciliary movement, 7 
on gastric secretion, 422 
reserve, 225j 659-60 
Alkaline tide, 529 
Alkaptonuria, 641 


AR or none phenomenon, of cardiac muscle. 11 
of muscle contraction, 23 
Allantoin, 495-6 
Allantois, 821, 828 
Allergy, 360 
AUocheiria, 666, 667 
Alloxan, 789 
AUyl alcohol, 271 ' 

Altitudes, high, alveoli, pulmonary, at, 226 
on alkali reserve, 225 
on alveolar COj, 230 
on vital capacity, 205 
respiration at, 257-61 
Alveoli, lymphatic, 189 
of mammary glands, 394 
pulmonary, 199 
pressure in, 219, 229 ' 

Amentia, 627 

Amines, production of, by bacterial action, 447 
Amino-group. 284-7 
Ammonia, estimation of, 645-6 
in acid-base equilibrium, 559-60 
in deamination, 493 
in metabolism in nerve, 64 
of urine, 632-3 
on nerve and" muscle, 16 
Ammonia-urea ratio, 529, 532, 560 
Ammonium carbonate, in urea formation, 491 
of putrid urine, 531, 533, 540 
Ammonium cyanate, 531 
Amnion, 820 
Amoeba, 3 
Amphioxus, 311 n 
Ampulla, 607 
Amyl alcohol, 271 

Amylase, 309, 412, 427, 428, 438, 472 
Amylolysis, 412, 435 
Anabolism, 470 
Anacrotic wave, 139 
ANAEMIA, 255 
cerebral, 698 

during Valsalva's experiment, 245 
in compression, 177 
in sleep, 674 
posture and, 172-4 
liaemoglobin level in, 178 
iron deficiency in, 375 
on sympathetic activity, 152 
■ pernicious, 323, 328, 416-7, 505 
on hsemoglobin, 324 

ANESTHESIA, asphyxia during, 246-7 
cortical flexion after, 603 
dissociate^ 661 

ether, on Hering-Breuer reflex, 234 
glove, 685 * 
hysterical, 665 
on body temperature, 571 
on stretch reflex, 686 
relation to sleep, 675-6 
respiratory centres in, 228 
Anresthetics, administration per rectum, 445 ' 
as tissuer poison, 253 

on anterior and posterior roots, and white ramus, 
84-5 

on ciliary movement, 7 
on nerve, 62, 63, 64 
on renal efficiency, 624 
on triple response, 179 
on vasodilator mechanism, 163 
Analysers, in conditioned reflex, 61 
of C.N.S., 652 

Anaphylaxis, adrenaline in, 77 
histamine and, 793, 794 
Anatomy, scope of, 1 
Androgens, 807 ' 

Anelectrotonus, 69 
Aneurin, 384 
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Anglt:. 

Andc, filtration, of eye, 73^3 
Anhydnemia, 313 
Anhydrase, carbonic, 30G 
An-ions. 232 
Ankle-clonns, 595 
Ankle-jerk, 594 
Annulns, 148-9 
Anosmotic animals. 714 
Anoxsemia, 255, C9S 
Antibodies, 321 
Antidromic nerve-fibres, 82 
Anti-enz3rme3, 310 
Antitrypsin, 428 

Antrum of membrana granulosa, 799 
Anus, parasympathetic supply to, S3 
Aorta, 87 et ttq. 

ligature of, 95 
Aortic body, 230 n, 792 
CO, on, 231 

depressor reflexes from, 163 
nerve-impulse from, 154-5 
Ape’s ^lit, 639 
Aphasia, 704 
Apnoea, 229-30, 779 

in Cheyne-Stokes respiration, 237-8 
Apomorphinc, 459 
Appetite, 667-8 
natural mineral, 555 
Aqucductus Fallopii, 717 
Aqueous humour, 732, 738, 740 
Arachnoid, 574 
ArchipaUium, 627 
Areolar tissue, 8 
Arginase, 306, 492 

Arginine, 277, 287, 288, 306, 432, 492, 497 
Argyll-Robertson pupil, 771 
Arm, nervous impulse in movement of, 53 
Arrhenius, law of, for enzyme action, 308 
Arsenic, excretion by skin, 566 
Aisenites, 475 

Arteria centralis retina?, 734,- 739 
ARTERY (arteries), 91-2 
blood-pressure in, 137. See Blood pressure 
brachial, effect of blocking, 94 
bronchial, 90, 199 
cardiac, occlusion of, 72-4 
carotid, 152, 163, 176-8 
cerebral, 176-8 
circumflex, 94 

constriction by lustamine, 447-8 
coronary, ligature of, 123 
functions of, 9, 91 
hsemoirhage from, 96, 175 
radial, 138 

renal, ligature of, 194, 521 
helicinc, 798 
hepatic, 502-4 
neiwe supply, 159-61 
occlusion of, 94 
pulmonary, 80, 90, 199 
embolism of, 235 
pulse- wave in, 138, 139 
spasm of, at death, 95 
structure of. 91-2 
thalamogeniculate, rupture of, 663 
umbilical, 825, 826 
vertebral, 176-8, COO 

Arterioles and chemical control of blood-vessels 
167 

dilatation of, on venous flow, 143 
exercise on, 167 
of skin, 178-9 

peripheral resistance in, 129 
structure of, 91 

Arterio-venous anastomoses, 94 
Artificial respiration. See Respiration 
Arytcno-epiglottidcan fold, 706 


'S. 

^ Axo^^ 

Aschlicira-Zondck test for pregnancy, 81 
Asparagine, 285 
ASPHYXIA, 246-8, 698 
and Hcring-Breucr reflex, 234 
in lockjaw, 612 
in section of spinal cord, 692 
on blood-pressure, 158 
on blood sugar, 481, 482 
on capillary flow, 190 
on cardio-inhihitory reflex, 156 
on pupil, 753 

on secretion of adrenaline, 781 
on skin colour, 178 
on sympathetic activity, 152 
on venous blood, 168 
on venous pressure, 146 
on respiration, 230 
Assimilation, meaning of, 4 
Association of ideas, 642 
Astatic needle, 33 
Astcreognosis, 639 
Asthenia, 688 
Asthma, 198 
action of adrenaline, 779 
Astigmatism, 749 

Astringents, on blood clotting, 315 

Asynergia, 689 

Ataxia, cerebellar, 688 

Atonia, 688 

Atria, alveolar, 199 

Atrium of heart. See Auricle 

ATROPINE, antidote t 9 cliloroform, 157 

on action of choline derivatives, 65, 60, 156, 
794 

on colon secretion, 467 
on gastric secretion, 421 
on heart-rate, 153, 156 
on light reflex, 771 
on micturition, 525 
on pancreatic secretion, 430 
on parasympatlietic, 85 
on posture, 606 
on psychogalvanic reflex, 171 
on pupil, 752, 753, 779 
on salivap^ secretion, 409 
on secretions, 406, 407 
on submaxillary gland, 409 
on sweat-glands, 565 
on vagus, 154, 156 
on vasodilator nerves, 82 
Attention, physiology of, 177 
Attraction sphere, of cell, 3 

Atwatcr-Bencdict respiration and differential 
calorimeters, 349-50 , 

Auditory word centre, 702 
Audiometer, 729 
Auricle(s), of heart, 87-9 
ultima moriens, 107 
vagus on, 154 

Auriculo- ventricular bundle, excitation wave in, 
140 

glycogen of, 473 
vagus on, 154 
Autolysis, 310 
in ner\’e degeneration, 56 
in rigor mortis, 45 

Autonomic nervous system. See Nerv’ous system, 
autonomic 
Auto-suggestion, 665 
Avertin, 445 

Aviation in high altitudes, 259-60 
Avogadro’S law for gases, 298 
Axis cylinders, gro^vth from cut nerve, 58 
of nerv’e-endings, 67 
Axon(s), 53, 68, 77, 79 
Axon reflex, 684 
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B ^ , , 

Babinski’s sign, 597 
bacteria, cooking on, 396 
destruction by gastric juice, 41C 
evacuated in frcces, 448 
in lymph during infections, , 19 3 
of saliva, 411 

Bacterial action, in large intestine, 446”9 
Bainbridge (right auricular) reflex, 170. And see 
Reflex 

Barcroft’s method of estimating blood gases, 213 
Barcroft’s saturator, 219 

Barcroft and Xagahashi's method to determine 
tension of blood gases, 217 
Barley, constituents of, 396 
Basophils, 330, 332 
Beans, iron of, 376 
Bechterew’s nucleus, 609 
Beckmann thermometer, 297 
Bed-sores, 82 
Beef, iron of, 376 
Beef tea, 897 
Beer, 305 • 

Behavourism, 621 
Bel, 728 

Bellini's ducts, 614, 616 
“ Bends," 257. 269 

Benedict’s method of studying metabolism, 350-1 

Benedict’s solution, 540 

Benedict’s test for sugar, 263 

Benzidine test for blood in urine, 542 

Berger rhytlun, 677. - 

Beri-beri, 383, 388 

Bernard, Claude, 159, 177, 547 

Betaine, esterase, 305 

Beverages, 897-8 

Bicarbonates, 254 

Biedennann’s fluid, composition of, 47 n 
BILE, 417, 502, 606-11 
absorption of vitamin K, 387 
acids, 273,' 490, 606-7 
circulation of, 608 

constituents, colour, taste, reaction, and specific 
, gravity, 506 
duct, 504 

emulsifying agent, 442 
functions of, 610 • 
in digestion, 433 
in urine, 542 
on colour of fsbees, 449 
on fat absorption, 443 
on lipase, 428 

on pancreatic secretion, 429-30 
on peristalsis, 455 
pigments. 329, 340, 507-8 
precipitation of pepsin by, 418 
salts, 606-7 
haemolysis from, 345 
secretion, 608 

storage and excretion, 509-10 
Biliousness, 418 
Bilirubin, 329, 338, 507 
Biliverdin, 507 . 

Binefringence, of myelin, 58 
Biochemistry, scope of, 1 
Biology, scope of, 1‘2 
Biophysics, scope of, 1 
Biotin, 387 

Birds, circulatory system in, 98 
Birth, the first inspiration, 230-7 
Bismuth salts, reduced by glucose, 206 
Biurates, 635 

Biuret reaction, 276, 281, 283 
Black-water fever, 542 

BLADDER, urinary, in section of spinal cordi 693 
nervous control, 524-G. 
terminal ganglia, 83 . 

Blastula, 820 


BiiOOP. 

Bleeding as a therapeutic measure, 174 
for transfusion, effects on donors,' 175 
on heart-rate, 153 
" Blind spot," 743, 753-4, 772 
Blindness, colour-, tests for, 766-9 
from glaucoma, 738 ' 

from loss of eyes and occipital lobes, 640 
Blistering of skin, 179 
BLOOD, 311-46 
’ acid-base equilibrium, 254 
alkali reserve, 225, 659-60 
estimation of, 214 

amount pumped by heart, 128, 130-1 
anti-coagulants, 316 
arterial, 90, 223 

association and dissociation curves, 217, 219-21 
“ buffer " substances, 554, 669-60 
bleeding time, 315 
calcium, 551, 552 

cells, nxicleated and non-nucleated, 827 
chemical test for, 336 ^ 

clilorides, 416, 550-1 
chloride sliift, 224 
choline esterase of, 305 
circulation of. See Circulation 
-clot, 91, 176, 177, 551 
-clotting (coagulation), 276, 282, 306, 314rl8 
intravascular,' 315 
negative phase, 315 
prevention of, 132 
time of, 315 

CO, content, 214 et seq., 223, 225 
colloidal osmotic pressure, 517 
colour, 90 
colour index, 324 
composition of, 470 
constant volume, 194 
constants, 647 et seq, 
corpuscles, 311 
hccmopoietic factors, 327 
histones of, 277 
in diabetes, 300 
in lymphatics, 194 
in urine, 638, 542 
iron of, 875 

number and enumeration, 324, 325 
RED (ERYTHROCYTES), 322-9 
balance with plasma ions, 224 
carbonic anliydrase of, 223 
chemistry of, 333 
cholesterol of, 274 
' ' crenation of, 323 

fragmentation of, 328 

fragility of, 323 

gastric juice and, 416 

hjemoglobin of, 220. See Hjemoglobin 

lijemolysis, 323 

liigh altitudes on, 258 

in inflammation, 322 

membrane of, 224 

of spleen, 182 

origin and fate of, 174, 185, 326-8 
. passage along.capillaries, 142 

rouleaux of, 322 
salts of (table), 322 
siderocytes, 323 
" size of, 322 

transport of oxygen and CO 2 , 220 et seq. 
WHITE, 329-33 
chemistry of, 333 
differential count, 326 
enumeration of, 325-0, 329 
enzyme of, 428 
glycogen of, 269 
movements of, 7, 333 
of spleen, 182, 184-5 
■ origin of (in the adult), 332-3 
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Blood. 

Blood — conlinv/'d 

protoplasmic structure, 3 
creatinine, 534 

deScienev, remedied by lymph, 10 i 
depots, 182-G 
nervous control of, 165-6 
of skin, 503 
destruction, 32S-9 
fat, 443, 484, 488 
fatigue on, 70 ei fe^^. 
faulty aeration In pneumonia, 235 
-flow, from exit vein, evidence of vascular change, 
ICO 

in exercise, ICS 
in tetany, 1G3 

rate of, through a part, lGl-2 
velocity of, in cerebral vessels, 177 
foetal, formation of, 327 
and maternal changes, 827 
formation of, 505 
gases, estimation of, 212-210 
exchanges in, on respiration, 230 
tension, transport, and quantit 5 % 21G et seq.^ 555 
-groups, 342-4 

haemoglobin. See Hsemoglobin 
H-Ion concentration, 42, 222, 223, 258, 556 et seq., 
844 

human, distinguished from animal, 345 

In carbon monoxide poisoning, 261 

in diabetes mellitus, 266 

In faces, 449 

in starvation, 500 

in urine, 542 

kinetic energy of, 122 

lactate. In severe exercise, 40, 41, 42 

lecithin of, 275 

mineral constituents on heart action, 124 
odour of, 311-12 
of hyperthyroida, 355 
of spleen, 182, 184 

passage of 0, from alveolar air, 22G-7 
peripheral resistance to flow of, 128-9 
pigments (Hamochromes), 335-8 
phosphorus, 553-4 

-PLASMA (liquor sanguinis), 311, 318-22 
arterial, 516 
COj of, 223 
clotting, 314-15 
composition, 319 
for transfusion, 344 
in gaseous interchange in tissues, 248 
reaction, colour, specific gravity, 319 
Salts of (table), 322 
storage of, 245-6 
volume of, 312 
-platelets, 314-15, 331-2 
pooling fn capillaries, 313 
-PPESSURB, aortic, on coronary and cerebral 
circulation, 17G, 177 
arterial, adrenaline on, 777-8 
after section of spinal cord, 693 
amines on, 447 
and apncea, 230 

and cardlo-inhibitory mechanism, 156 
autonomic, control of, 83 
changes, cardiometer method of measuring, 
117 

clianges, caused by capillaries, 144 
during Valsalva’s experiment, 245 
exereikj on, 1C9 

fall of, along systemic vascular system, 137 

hsemorrhage on, 174-5 

In disease and old age, 180 

in injury and under surgical operations, 163 

in kidney disease, 521 

in man, 134-7 

in post-influenzal debility, 174 
in raised Intracranial pressure, 698 


Blood, 

Blood, arterial — continued 

low. and distribution of blood, 146 
magnitude and variability, 180 
maintenance of, 128-31, 165 
mental effort on, 1G9 
on circulation, 97-8, 177 
on output of heart, 117-18 
on pulse waves, 139 
on reflexes, 589 

on return of blood to heart, 14G-7 
pituitrin on, 789 
posture on, 173 
recording, in animals, 131-4 
respiration on, 147, 243-5 
sympathetic activity, 152 
vagus on, 153-6 

vasoconstrictor centre and, 155, 159 
capillary, hamorrahgc on, 174 
on tissue fluid, 190 

cerebral, on caxdio-inlubitory mechanism, 155 
diastolic, 129-30, 134-7, 169, 181 
important data, 844 
in various vessels (tabulated), 137 ‘ 
intra-auricular, 103-4 
intraventricular, 101 
osmotic, 193, 196 
systolic, 134-7 
in mental activity, 186 
in severe exercise, 169 
venous, and blood depots, 186 
and return, 145-7 
during exercise, 169 
hamorrhage on, 174 
measurement of, 145 
vagus on, 153 
reaction of, 312, 657-9 
relation to lymph, 194 
Bh factor, 344 
Salts of (table), 322 
specific ^vity, 311 
storage of, 345-6 
substitutes for, 34G 
SU0AB, average quantity, 844 
curve, 479 
estimation, 479-80 
. high (hyperglycremia), 480 
hunger and, 0G8 
in starvation, 499 
low (hypoglycaemia), 477-8 
maintenance of, 479-84, G98 
-supply, in nutrition of heart, 123 
occlusion of, on skin, 143 
on pain, 72-4 
to brain, 176-7, 256 
to C.X.S., 698 
to liver, 502-4 
to lungs, 199 
taste of, 310 
temperature of, 311 
tests for, 252, 345 
total quantity in human body, 141 
transfusion, use of citrates, 316 
urea. 322/490 
estimation of, 545 
velocity in vessels, 137 
venous, 90 ' 

carbon dioxide in, 223 
flow, depressor reflexes on, IGG 
from tetanised limb, 168 
infioi^ and return, 117, 119, 145-7 
-VESSELS, acctyl-cliolinc on, OC, 794 
adrenaline on, 777-8 
afferent impulses from, to vagus, 154 
autonomic supply to, 81-2, 84 
cerebral, 176-7 
chemical control of, 167 
circulation in, 128*47 
constriction of, 60, 152 
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Blood. 

Blood — continued 
control of, 157*64: 
damaged, after hfemorrhage, 175 
elasticity of, 128-30 
endothelial lining, 87 
exercise on, 157-8 
evidence of changes in, 160-1 
histamine on, 793 
in disease and old age, 180 
in injury to spinal cord, G93 
* nerve-fibres to, 77 

nervous control of, 142, 157 et 
nutrition of, 126-7 
of bone, 835 
of eyeball, 738-9 
of retina, 739 
of teeth, 451 

perfusion experiments, 162 
pituitrin on, 789 
splenic contractions on, 184 
structure of, in relation to their function, 91-4 
sweating on, 565 
tonus contraction, 48 
velocity of nerve impulse to, 68 , 
volume of, 312-4 
constancy of, 194 
relation to venous pressure, 145 
Blushing, 157 
Body temperature, 567-73 
factors governing heat production and loss, 670-1 
regulation of, 571-3 
Body-weight, 359-00 
essential amiho-acids and, 497 
Bomb calorimeter, 347-9 
BONE(S), 832-42 
blood-vessels of, 91, 94 . 
calcium, on growth of, 374 
calcium storage in, 551, 842 . 
chemistry of, 840 
development of, 835-6 
histology of, 833-4 
in starvation, 500 
-marrow, 270 

- activity at high altitudes, 258 
after removal of spleen,' 185 
haemorrhage on, 174 
in leucocytosis, 332 
. in oxygen-want, 324 
- . and see Marrow^ 
nourishment of, 835 
pelvic, in pregnancy, 816 
phosphorus in formation of, 554 
' Vitanain I) on, 380-1 
fl-oxidation, 487-8 

Boutons (pieds terminaux) of nerve-cells, 591-2 
Bowman, capsule of, 514 
BoyIe-Mariotte*s law for gases, 298 
BBAIN, anatomy of, 574-6 
and rigidity of extensor muscles, 49 
asphyxia of, in cerebral injury, 248 
blood supply to, 127, 176-7 
cilia of ventricles, 7 
comparative, of vertebrates, 575-6“ 
fibres, injury of; 59 
hemispheres, compression of, 177 
in fatigue, 71 

in loss of consciousness, 671 
in starvation, 600 
on body temperature, 671-2 
parasympathetic fibres from mid-brain, 81 
primitive (archipallium), 627 
Bolandic area, destruction of, 679 
sand, 792 

stimulation of cortex after nerve crossing, 60 
vasoconstrictor centre, 158 
vasodilator centre, 163 
volume during sleep, 673 


Camphor. 

Brain — €07itinued 

and see Bulb, cerebrum, cerebellum, cortex, 
etc. ' * 

Bread, 396 

** Breaking point,** 181 
Breath sound, 204 ' 

Breathlessness, 255-6 
as a symptom, 239 
in cardiac impairment, 120 
Bright's disease, 640 
Brissaud type, 787 
British Thermal Unit, 347 n 
Broca's area, 702, 703 

Brodman, analysis of cortical localisation,- 634 et sea. 
Bromide, on reflexes, 691 
Bronchial murmur, 204 
BRONCHIOLES, 198 
liistamine on, 793 
Broncliitis, 198 
Bronchus (bronchi), 197-9 
adrenaline on, 779 
sympathetic on, 84 
Bruch, membrane of, 737 
Bruising. 329 

Brunners glands, 402, 416 
Buffer substances, .564, 659 
phosphate of plasma. 223 
Bulb. See SledulJa oblongata 
Bulb, olfactory, 713 
Burdach, column of, 580, 627 
Bums, death from superficial, 144 
vasodilatation from, 192 • 

Butter, iodine value of, 273 
vitamins of, 378, 379-80 
Butyl alcohol, 271 
ButjTin, 392 


0 

Cadaverine, in urine, 543 
Caffeine, 398 
Caisson disease, 256-7 
Calamus scriptorius, 158 
. respiratory centre in, 228 
Calciferol, See Vitamin D . 
Calcification of bone, 838 et seq, 
CALCIUM, absorption of, 274, 374 
co-enzjTne for thrombin, 306 
essential for food absorption, 444 
excretion by bile, 510 
in coagulation of milk, 392 
in diet, 373-4 
in ossification, 841-2 
in pregnancy, 816 
in ventricular fibrillation, 113 
of cell protoplasm, 3 
of human milk, 393 
of rodlk, 392 

on absorption of iodine, 356,' 360, 373 
on blood clotting, 316 
on capillary permeability, 192 
on heart, 124 
on succus entericus, 431 
precipitation in hone, 305 
rigor, 124 ' 

vitamin D on, 381-2 
Calcium oxalate, in urine, 539 
Calcium-potassium balance, 551 
Calcium salts, constant, of body, 551 
in coagulation of blood, 316 
of imlk, 392 

CALORIC, definition of, 346, 831 
daily requirement, 366-7 , 

requirement for rest and exercise, 3 jA 
. Calorimetry, 347 
Camphor, excretion of, 641 
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CEIiIS. 

CELL(S), t'lcidophil, of pituitary, 783, 785, 788 
activities of, 3-4 . ' • 

amoeba, 3, 7 

amoeboid movement, 7, 14 
attraction sphere of, 3 
basophil, 8 

Betz (giant pyramid), 625, 035, 640, 079, 080-2 
blood, size of, 319 
origin of (table), 334 
bone-formative, 835-0 
cardiac muscle, 60, 109 
central, of fundus glands, 425 
ciliated, 0-7, 14 
cytoplasm of, 3 
Beiters’s, 721 
' division of, 3 

endothelial, 6, 87, 91, 142 
epithelial, 6-6 
in urine, 538 

external environment of, 4-5 
fat, 8 

fibroblasts, 8 
; functions of, 3 et seq. 
fusiform, of involuntary muscle, 47 
of tongue; 711 
ganglion, layer of, 734 
giant- (myeloplaxes) of red marrow, 833 
giant stellate. 625 
goblet, 279, 401 
granular, 8 , 
gustatory, 711 
Hair-, of labyrinth, 607 
of organ of Corti, 721 
hepatic, 502 
histiocj^s, 8 
lustological study of, 1 
in capilJa^ contraction, 94 * 

intemuncial, 53 

interstitial, on menstruation, 818 
of ovary, 799, 809 
of testis, 797, 805-0 
irritability, power of, 4 
layers of cerebral cortex, 625-7 
lymphocytes, 8 , 
marrow, 332, 833 
mast, 8, 316, 317 
Merkel, 646 
mitral, 714 
mucoid, 425 

multipolar, of grey matter, 582 

muscle, release of adenine tripliosphate from, 143 

muscle fibre, 11-12 

nerve. See Nerve 

neuroglia, 625 ' 

nourisliment of, 4-5 
nucleated, of spleen, 184 
nucleus and nucleolus, 3, 12 
nurse, of Sertoli, 797 
of parathyroid glands, 552 
of pituitary body, 783-4 
olfactorial, 713-14 ' 

oxyntic (parietal), 415, 425 
permeability of, 299 
■ pigment, 8 

adrenaline of, 779 
layer, of retina, 736-7 
movement of, 755 
pituitrin on, 790-1 
- uvea, of iris, 732 
plasma, 8 

protoplasm of, 3, 279 
Purkinje, 109, 685 

reticulo-endothelial, of spleen, 185 ' 

Bouget, 94 
Schwann, 56, 59 
solitary, of Meynert, 640 
-stations, 81, 82-3 


Chlorides. • 

Cells — contimicd 

• stellate, of Kupffer, 328, 329, 504 , 
struotmre of, 3 ct seq, 

. supply of oxygen to, 248 
tissue, nourishment of, 187 
Cellohiosc, 268 ' . ' 

CcUuloso, 205, 269, 270 
bacterial action on, 447 
in fccccs, 448-9 

on intestinal movement, 48-9 
unaffected by ptyalin, 412 
Cement, dental, 451 

CENTRAL NERVOUS SYSTEiSL, 52 ct seq., 574-6 
afferent paths (diagram), 062 
analysers of, 052 
blood-vessels of, 91 
death of, 126-7 
efferent paths (diagram), GSl 
fatigue in, 71 
functions. 681, 695-7 
investigations of tracts of, 578-80 
motor path, 53 
myelination of fibres, 627-8 
nutrition of, 698-701 
reaction time, 683 
sensory pathwaj’s, 600-9 
Centres, spinal, for muscular viscera, 598 
Centrifugal force, effect of, on circulation, 174 
Cephalin, 317-18 
Cereals, 269 

CEREBELLUM, 084-91 
afferent patlnvays, 691 
centre for co-ordination, 687, 696 
connections of, 085, 080 
flocculo-nodular lobe, 688 
functions, 685-91 
localisation of function, 690 
recovery from le.^ions, 690 
removal of, 688 
Cerebrosides, 275 
Ccrebrb-spinal fluid, 698-701 
CEREBRUM, 675-6, 022-43 
cell layers, 625-7 
cortex. See Cortex, cerebral 
embryology, 625-6, 027-8 
extirpation of motor areas, 636-7' 
faulty development of, 688 
functions of, 629-43 

levels of association, 672 ^ 

* localisation of functions. 032-43 

in recovery from cerebellar lesions, 090 
removal of, in flsli, frog, bird, mammal 630-2 
removal of, on fatigue,' 72 
structure and functions of, 622-43 
Cerumen, 564 
Cheese, 391-2 
iron .of. 370 
ripe, 286 

Cheiro-kinicsthetic area, 702 , 

Chemistry of body, 202-90 
physical, and its bearing on physiological 
problems, 1, 291-310 
Chest, blood-pressure in, 147 
expansion in inspiration, 201 
vital capacity, 205 
Cliest-cavity, in respiration, 201 
Chilblain, vasodilatation from, 192 
Child, body weight and basal metabolism, 359 
diet requirements, 360, 364 
Chittenden diet, 362-3 
Chloral, 512 
excretion of, 541 
on sympathetic, 157 

Chlorazol fast pink, on blood clotting, 316 
Chloride sliift, 224 
Clilorides, excretion of, 520 : 
imacid-base equilibrium, 560 
of lymph, 195 


2 E 2 



868 


IKPEX 


CaioErDrs 
Cliloridcs— f 0 nf inttcd 
of urine, 530 
ptyalin and, 300 
Cliloiine, of nrinc, 530 
on respiration, 

Chlorocruorin, 335 
Chloroform, excretion of, 5H 
fat solvent, 3-t5 
on ciirdiac muscle, 157 
on cutaneous scnsibUitjTi C59 
on Jjcart, 120 
on pupil, 753 

on red blood corpuscles, 315 
on sj’mpathetic, 157 
Chlorophyll, 335, 333, 472, 550 
Cholagojtucs, 430 
Cliolecystokinin, 500 
CHOLESTEROL, 273, 274 
likeness to bile acids, 507 
oflnle, 500, 503 
of blood, 4S4, 485 
of blood corpuscles, 333 
of cpg, 394 
of milk, 392 
of nervous tissue, 57 
of plasma, 321 
of spleen, 185 
o^mlc acid reaction, 270 
selective absorption, 443 
CHOLINE, 794*5 
constituent of lecithins, 275 
esterase of, 305, 795 
of sympathetic panglia, C7 
on heart-rato, 15G 
on IK'er fat, 4SG 
on parnsjunpathGtic, 85 
on tjiibmaxiliary gland, 409 
Chondrin, 831 
Chondro-mucoid, 279, 311 

Chorda tjunpani, on salivary secretion, 409, 
410 

parasympathetic supply to, 82 
Cliordrc tendinece, 88, 100-1 
Chorion, fcctal membrane, 820 et seq. 
ciiOToid coat, of eyeball, 731, 732 
Chromatolj’sis, 72 
Chromatin (nuclein), 270, 327, 330 
Chromo-proteins, 276, 279 
Chromosomes, 799, 803, 807 
Chronaxic, 19, 48 
Chyle, 187, 194. 402, 441 
Chylomicrons, 441 
ChjTue, 510 

ChjTnotrypsin, 427, 423 
Cicatrlcula, 819 

Cilia, of ciliated epithelium, C-7 
Ciliary body, 732 
Ciliary motion, 7, 14 
Cilio-splnal centre, 593 
Circle of Willis, 1 70 
CIRCULATION of the blood, 87-93 
adaptation to gravity, 157-8 
adrenaline on, 777-8 
asphyxia on, 240 
anoxoemia on, CDS 
capacity of, and capiliarics, 143-5 
capillary, 142-3 
cerebral, 17C-S 
collateral, 94, 255 
control of, 70, 148-81 
fcoronary, 120, 175-6 
crossed, experiments on, 230 
cutaneous, 178-0 
dl-covcry of, 95-0 
cHiciency of, 160-1 
exercise on, 107-72, 230 
failure of. 23S, 255 
fcctal, 825-C 


COXCHA. 

Circulation — confiuucrf 
gravity on, 172-4 
lircmorrhagc on, 174-5 
in blood-vessels, 128-47 
local peculiarities, 175-80 
nourisliracnt of cells through, 4-5 
pituitrin on, 789 
portal, 90 
posture on, 181 
principle of, 96-8 
pulmonary, 89-90, 17G, 245 
renal, 90 

respiration on, 250 
systemic, 89-90 
time of a complete, 140-1 
vagus on, 152-6 
velocity of, 122 

venous pressure and return, 145-7 
impaired, in dropsy, 192 
Circus movement, 111-12 
Citrates, in blood transfusion, 31G 
Citrin, 386 
CitniUin, 492 
Clarke’s column, C91 
Clasmatoc>i;es, 328 
Claustrum, of island of Rcil, C25-G 
Clerk-Maxwell’s experiment, 762 
Climacteric (menopause), 818 
Clitoris, erection^ 179 
CJlosurc-contraction, 70 
Cobra venom, 274 
Coca, 398 
Cocaine, 398 

on capillarj" contraction, 142 
on carotid sinus, 163 
on cutaneous sensibility, 659 
on nervous tissue, 142 
on small intestine, 460 
on taste, 712 
Co-carboxylase, 310 
Cochlea, 600, 718, 719 
Cocoa, 398 

CoefGcient of oxidation, 250, 251 
of solubility, 212 
Co-enzjunes, 306 
Coffee, 397-8 
Coitus, 818 
pituitarj' and, 791 

COLD, exposure to, sympathetic and, 83 
on blood volume, 313 
on kidney excretion, 520 
on metabolic rate, 354 
on mixed nerve, 63 
on skin vessels. 178 
protection against, by adrenaline, 781 
the common : ciliary movement and the, 7 
Cold spots, 048-50 
Collagen, 8, 56, 278, 427, 840 
Colloids, 280, 295, 303-4 
colloidal solution, 280 
Colon, contractions of, 184 
nerve supply to, 83 
tonus of, 48 ' 

vessels of, during emotion, 172 
Colostrum, 390, 814 
Colour-blindness, tests for, 7CG-9 
index, of blood, 324 
•mixture, binocular, 768-9 
of skin, 178-9 
reactions, of proteins, 281 
sensations, 762-3 
vision, 7C4-9 
defective, 765-9 
Colours, complementary, 763 
Ck)ma, 698 

Compensatory pause, In heart muscle, 110-11 
Compression, cerebral, 177-8 
Concha, of car, 716 
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Condiments. 

Condiments, 397 ^ « 

Conduction, with decrement, C2-3 . 

unidirectional, in reflex arc, 580, 592 
ConductiWtj" of nerve, 01-2, 08-9 > 

Conjugation, stage in detoxication, 512 
Cone fibre, 736 
Cone granule, 73C 
Cones, movement of, 755 
. rods and, layer of, 733 et seq. 

Coni vasculosi, 797 
' Conjunctiva, 730,-739 
Connective tissues, 8-9 . 

CONSCIOUSNESS, 629 
blood supply to brain and, 176 
C.N.S.and, 53 

loss of, 671-3 ■ ^ r> ' 

. physiology of conscious states, 0<0-8 
Consonants, 709 
Constipation, 361, 445, 463-4 
Contractile substance, of muscle fibres, 12 
Contraction of muscle, 20-46 : and see Muscle 
Contracture, 20, 70 

Convergence, principle of, in reflex action, 613-14 
Convolutions (gyri) of cerebmm, 022-3 
Convulsions, 698 
of asphyxia, 246 
post-anajsthesia, 003 

Cooking, importance of, 305-6, 396-7, 423 
Copper, excretion of, 510 
in diet, 324, 327, 376 
of luBmocyanin, 335 
reduction of, 265, 260, 267, 512 
Cord, spinal, COa on, 230-1 
stimulation of, on spleen, 183 
vasoconstrictor centre in, 15S 
umbilical, 820, 828 
Cords, vocal, 704-7 
Corium, of alimentary canal, 401 
CORNEA, 731, 740 
distance to leas and retina, 740 
index of refraction, 740 
radius of curvature, 740 

, sensibility to pain, 655 ^ — ' 

Comeo-sclcral junction, 732, 733 
Corpora cavernosa, 798 
Corpora quadragemina, 604 / 

Corpus Arautii, 89 / 

Corpus callosum, 618, 622, 623 / 

Corpus Highmoriauum (body/ of Highmore 
mediastinum testis), 797 \ . 

Corpus luteum, 783, 801-2 
hormones of, 810-11 
on lactation, 811 
menstrual cycle and, 801, 817-18 
pregnancy on, 816 ’ 

Corpus spongiosumj 798 
Corpus striatum, 622 
degeneration of, 695 . 

Corpuscles, blood. Bee Blood 
bone-, 838 
colostrum, 391, 814 
concentric, of Hassall, 791 
Golgi-]SIazzoni, 647 
lymph, 189 

Malpighian. 182, 184, 614 
Meissner’s touch, 644-5, 649-50 
Pacinian, lh3, 644 
Buffini’s, 647, 650 
COUTEX-adrcnal, 697, 776, 782-3 
development of, 780 
histamine and, 793 
virilism and, 809 

Cortex, cerebellar, Purkinje cells, 685 
Cortex, cerebral, 622, 625-30, 632-43 
auditory area, 641 ^ 

electrical reactions, 637-8, 677-8 
embryology in relation to function, 627-8 


' Death. 

.Cortex — continued 

Elechsig’s cortical fields, 628-9 
functions, of, 032-43 
liistolog>% 625-7 

localisation of functions, 632-43 
motor area, 034-5 
parietal area, 638, 642 
premotor area, 035-0 
. sensory area, 037-43 

stimulation of, on heart, 151 
visual area, 039, 769-70 
Cortex, of IjTnphatic gland, 189 
Cortex, visuo-psychic, 641 
Cortex, visuo-sensory, 641 
Corti, organ and rods of, 720-1 
Corticosterone, 783, 811 
Cotyledons, of decidua basalis, 821 
Cougliing, 239-40 
Co^vpe^*s glands, 807 

Crabs, heat production in nerves of, 02, 05 
CREATINEf 287 
of muscle, 40 

of muscle contraction, 39-42 
of urine, 533 
in pregnancy, 828-9 
Creatinine, 321 
of muscle, 40 

. of urine and blood, 491, 633-4 
Crenation of red blood corpuscles, 323 
Cretinism, 355 
Crista acustica, 607 
Croup. 240 

Crusliing, hoemolysis from, 345 
Crusta petrosa, 451 
Crypts of Lieberkuhn, 402, 431 
Crystallin, 277 * 

Crj’stallisation of proteins, 280-1 
Crystalloids, 280, 295, 300 
Cupula, 607 

Curari, action of, 19, 71 
Curd, of milk, 282, 392 
Current of action, in muscle, 26, 35 
in nerve, 63 
in optic nerve, 757 
Current of injury, in muscle, 36 
Cushing’s syndrome, 785, 780 
Cusps, of cardiac valves, 88, 100-1 
Cyanides, a tissue poison, 253 
on carbonic anhydrase, 223 
Cysteine, 287 
Cystine, 287, 497-8 
excretion by skin, 566 
in urine, 536, 539, 540, 543 
Cystinuria, 540, 543, 666 
Cytochrome oxidase, 253 
Cytochromes, 46, 252, 253, 335, 375 
Cytoplasm, of cells, 3 
Cytosine, 280 . 


f) . 

Dale and Evans method of determining reaction of 
blood, 558 

Dalton-Henry Daw, 213 
Dark, adaptation to, 755-7 
Dead space, 205 
Deafness, 722, 723 

Deafness, boilermaker’s, 725 * 

Deaminases, 306, 433, 495 
Deamination of amino-acids, 491 
Death, after extirpation of paratlijToids, 552 
by strangulation, 672 
from anaemia of C.N.S., 098 
from asphyxia, 246 
from avitaminosis, 383 
from capillary dilatation, 144 
from chloroform anaesthesia, 157 
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DEATH. 

Death— 

from insnlin cxce??.?, 4/ 
from starvation, A^O 
from suporficial humin?, 
from sweat! nj?, 550 
natural, Sir? 

cT)a>m of artcncs at, 02 . ^ 

DECEKEBKATE RIGIDIXI, 

CO, essential to raamtenance of, 23o 
Decibel, 723 

Decidua, in pregnancy, SIG 
Decidua basalis (serotjna), 820 el eeq. 

Decidua capsularis (reflexa), 820 et teq. 

Decidua vera, 820 et 
Dcfaecation, 4G2-4, 50S 

after section of spinal cord, G03 
Decibel, 723 c v 

Degeneration of >erve. ^er\c 
De^utitlon, 452-5 
respiration during, 23 1 
Dehydrosenasc, 252 
Deiters, cells of, 721 
Dclters's nucleus, 5SG, o94, GOO 
Dementia, 627 . 

Denaturatlon of protetas, 282 
Dendron, nerve impulse in, 63 
Dentine, 450-1 
Dermatitis, 3S4 
Desaturation, 488 
Desoxycorticosteronc, SIl 
Detoxication in the body, 511-13 
Deutero-albumose, 234 
Deutero-protcoses, 427 
Deviation, conjugate, 040 
Dcxtrin(s), 205 

distingubhed from P^ycogen, 2^0 
in digestion of starch, 2G9, 412, 438 
on gastric secretion, 422 
Dextrose. Set Glu^e 
Dextrose-nitrogen (P ^ 

Diabetes Insipidus, 522, ^87, / 89-90 
DDVBETES MEeIiXUS, 47G-84, 788, 791 
alveolar air in, 203 
appetite Id, 607-8 
blood in, 2G0 
blood fat in, 484 
coma of, 673 
ketosis in, 488 
sweat in, 5G6 

urine In, 2G6, 529, 532, 541 
DIacetin, 271 
Dialyscrs, 280 
Dialysis, 295 
Dlamlnuria, 543 
Diaphragm, in respiration, 201 
Dlarrhcna, on osmotic pressure of blood, 196 
on amount of urine, 549 

Diastole’ auricular and ventricular, 99-100, 102-3 
pressure d^ng, 134-7 
Diastolic Index, 130 
Dicrotic notch, 138 
wave, 138 
DIET. 3C1-S9 
balance of, 367 
essential substances, 361 
extraneous factors in, 260 
In causation of goitre, 350 
In relation to gro^rth, 831 
Income and expenditure (table), 4*1 
kctogenic, 4SD, 520^ 
ofllcial dietaries, 3Gi-8 
on kidney volume, 522 
un urine, 52S-9 
quality of, 301-2 
salt requirement, u73-G 
typical meals, 370-2 
vegetarian, 3CG 


Edripoe-Greek Parrots. 

Diet — conftnued 
vegetarian, on peristalsis, 455 
vitamins in, 3S7-S 
water in, 548 
weekly diets, 3GS-9 
DilTasion, 226, 294-5, 300, 443-4 
DIGESTION, general aspects, 433-4 
mechanical processes of, 450-69 
mcUiods of investigating juices, 435-0 
salivary, 472 
Dihydroxyacctonc, 272 
Dilator pupillco, 732 
Dilemma, GS3 
Diocstrus, 808 
Dipcptldes, 281, 289 
DisaccJiarides, 264-5 
excretion of, 439 
Discs, tactile, 646 
Discus proligcrus, 800 
Disease, infectious, on plasma proteins, 321 
Diseases, vitamin deficiency, 388 
Dissociation, 291 el seq^ 

Diuresis, exercise on, 522 
In damage to hypothalamic region, 095 
Diuretic hormone, 790 
Diving, necessity for wide-bored tubing, 235 
Dobie's line (Krause’s membrane), 13 
Dog, oxidation of uric acid, 495-G 
Douglas bag, 208-9, 351 
Dreams, electric reactions of cortex, 678 ^ 

Dropsy, 146, 190, 192, 279 
Drugs, absorption per rectum, 445 
detoxication in liver, 505 
excretion of, 510, 541, 5G6 
narcotic, on brain volume, 673 
on sleep, 675-G 

on automatic nervous system, 85 
- on cutaneous sensibility, 649, 059 
on heart, 156-7 
on muscles, 51 
on peristalsis, 455 
on pupil, 752-3 
on reaction time, 083 
on reflexes, 591 
on BUbraa^Iary gland, 409-10 
perfusion experiments on action of, 1G2 
standardisation of, 48 
Drum (tympanum) of car, 716 
Duct(s), alveolar, 199 
Bellim’s, 514, 516 
cystic. 502 
hepatic, 502 
lachrymal, 730 
lactiferous, 394 
lymphatic, 332 
thoracic, 187, 332, 443, 484 
Ductus arteriosus, 826 
Ductus venosus, 625 
Dulcitol, 203 

Duodenum, regurgitation from, 417-18 

Duprd’a apparatus, for urine estimations, 544-6 

Dura mater, 574 

Dyes, vital, 8 

Dysentery, 44C 

Dyspnoea, 246, 255-C 

Dystrophia adiposo-genitalis (Frohlich’s syndrome), 
787, 788-9 


E 


Ear, anatomy of, 716-21 
muscle fibres of, 12 n. 
Eck fistula, 493 
Ectoderm, 278 
Eczema, 393 
Edestln, 288, 497 
Edridge-Green parrots, 700 
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Edridge-Green'S Tests. 

Edridge-Green'S tests for colour-blindness, 7G0 et s€q. 
Effort tolerance test of efficiency of circulation, 
180-1 
EG6(S), 394 

albumin, 277, 281, 288, 394 
globulin, 277 , 
iron of, 375 

Yitamins of, 378, 382, 387, 394 
-wiiite, denaturation of, 282 
*yolk, cholesterol of, 274 
lecithin of, 276 

Einthoven's galvanometer, 34 — 

Elastic tissue, 8, 91 
Elasticity, of muscle, 29 . 

Elastin, 278, 427 - • . 

Elastoses, 283 

Electric current, on hgtxc conduction, 63 

Electric stimulation, 17-19 

Electrical change, in nerve during activity, 63 

Elecbical variations (voluntary contraction), 20 

Electricity, animal, 32-9 

Elcctro-cardiogram, 113-14 

Electro-encephalogram, 077 

Electrodes, non-polarisahle, 35 

Electrolysis, in tissues, 35 

Electrolytes, 292-3 

Electrolytic dissociation, 292 ct seg. 

Electrometer, capillary, 34 
Eleidin, 562 

Elephantiasis, lymphatics in, 192 
Embolism, 235 
Embryo, 820 et seg. 
cerebral cortex, 625-6, 627-8 
glycogen of tissues, 269 
investigation of tracts of O.N.S., 578 
neural crest, 84 

sinusoids of liver and kidney, 93 
vascular area, 320-7 
Embryotrophe, 823 ‘ 

Emetics, 459 

EMOTION, hypothalamic region, 694 
on colonic peristalsis, 461, 467 
on digestion, 457 
on gastric secretion, 423 
on pupil, 753 

on secretion of adrenaline, 781 
on spleen, 184 
on sympathetic. 83 
on vascular system, 172 
on ventilation, 239 
Emulsification, 273 
in fat absorption, 441-2 
Endocrine organs. See Ductless glands 
Enamel, of teeth, 451 
End-bulbs, 644, 650 
Endocardlac pressure, 101 
Endocardium, 87 
Endolymph, 607, 718, 720, 722 
Endoneurial tubes, 56 ' 

Endothelium (pavement epithelium), 5, 275 
of lymph capillaries, 187-8 
of spleen pulp, 183 
of vascular system, 91-3 - 
Enemata, ** nutrient,*' 445 
Energy, 347 et seg. 
conservation of, 357-9 ? 

of muscle contraction, 30 
Enterogastrone, 423 
Enterokinase, 428, 431-2, 433, 439 
Entozoa, in urine, 539 
Environment, internal, 547r55 , 

BNZYilES, 304-10 
absent from large intestine, 445 
activation of, 306 

adenyl phosphatase in muscle contraction, 41 
anti-, 310 

carbonic anhydrase, 223 


Excitation. 

'BnzymdB— continued 
characteristics of action, 306-7 
CO-,. 806 

coagulation, 282, 306 
hydrolytic, 206, 305 
In fat metabolism, 489 
in mechanism of oxidation, 261 * 
iron factor, 376 
inexhaustibility of, 807 
nature and action of, 309-10 
optimum reaction, 308 
oxidation reduction, 305-0 
pancreatic, 427 
poisons, 310 
protcoljdic, 46 
reversibility of action, 308-9 
specificity of action, 30G-7 
temperature on action, 307-8 
velocity of action, 307-8 
vitamin Bj on action of, 384 
Eosinophils, 330, 332 
Ephcdrinc, on micturition, 525 
Epicardiiim, 121-2 
Epicritic sensibility, 657 
Epidennis, 178, 502 
Epididymis, 797 

Epilepsy, electrical reactions of cortex, 678 
Jacksonian, 636, 037 
Epiglottis, 705 
Epiphysis, 840 
EpiUielium, ciliated, 6-7, 198 
columnar, 6-6 

intestinal, and osmosis, 300 
of alimentary canal, 401 
of alveoli, 226 

pavement (cndotlicllum), 5, 198 
stratified, 6 
transitional, 5 
Equilibrium, 060 
function of cerebellum, 027 
maintenance of, 604-12 
point, 302 

Erectile tissues, 93, 179-80 
Erection, 179-80, 598 . . 

Erepsln, 305, 432, 439 
Ergograph, 71 

Ergosterol, 273, 274, 381-2, 610 
Ergotamine, on adrenaline, 778 
on blood sugar, 482 
on heart-rate. 156 
on Bympathetic, 85 
Ergotoxine, on atonaline, 778 
on heart-rate, 160 
on sympathetic, 85, 151, 164 
on submaxflJary gland, 410 
pituitrin and, 789 
Ei^dhroblasts, 327, 833 
Erythroblastosis, 344 
Erjd.Iirocytes=Kcd blood corpuscles g.v. 
Eryfeliro-dextrin, 260. 412, 435 
ESEEINE (physostigminc), on action of acotyl 
choline, 05, 66 
on colon secretion, 467 
on villi, 467 

use in myasthenia gravis, 792 
Esterases, 305 
Ether, on pupil, 753 
hiemolysis from, -345 
Ethyl alcoliol, 263, 260, 271 
Eucortone, 443 
Euglohulin, 320 
Eustacian tube, 717, 722-3 
Eustacliian valve, 88, 825 
Excitability (irritability), measurement of, 18-19 
of nerve, 61-2, 68-9 
of unstriated muscle, 48 
views on, 616 
Excitation, 615 
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Fehmng’s SoiitnriON. 

Fchling’s solution — continued 
reduced by glucuronates, 205 
reduced by vitafnin G, 380 
-Fchling’s test for sugar, 203, 541 
Fenestra 0V4aljs, 716, 718, 719, 723 
Fenestra rotunda, 716, 719 
use of, 724 ' ^ • 

Ferments. See Enzymes 
Fermentation, 304 

test for glucose, 200, 641 
Ferrocyanide of copper, 295-0 
Fertilisation, 818-20 
Fever, 572-3 
heart sounds in, 104 
on dicrotic 'wave, 139 
on skin vessels, 178 
typhoid, 416 

value of adrenaline in, 781 
Fibres, muscle-, 11 et ecq. And see Muscle 
nature of, 8-9 
. nerve-. See Nerve 
of cardiac muscle, 50 
perforating, of compact bone, 834 
Purkinjc, 109 
p^Tamidal, 53 
Fibrillation, 100, 112, 113 
Fibrils, 12, 59 

Fibrin, a globulin, 278 - % 

deposition of, in coagulation of blood, 314, 317-18 
ferment, 282 
of lymph clot, 195 
trypsin on, 427, 431 
Fibrinogen, a globulin, 277 
formation by liver, 320, 505 
function of, 321 

of plasma, 319-20 * . 

precursor of fibrin, 316-18 
Fibro-cartilagc, 832 
Fibroblasts, 8, 831 
Fibrous tissue, 8, 91 
Flbrositis, 644 

' Filariasis, lymphatics in, 192 
Filtration, 298 

and reabsorption, 519 
in food absorption, 444 
Fisb, circulatory sj'stem in, 97 
Fishes, electric, 38 
Fissure, median, of spinal cord, 578 
Fissures (sulci), cerebral, C22-3 
Fistula, gastric, 419 
Fixation, detoxication bjr, 613 
Flatulence, 447 
Flavin complex, 252 
Flechsig’s embryological method, G27-8 
Flechsig's myelogenetic cortical fields, 028-7 
Flechsig, tract of, 627 
Flicker, 758 
Flocculus, 687 
Flour, 375, 395-6 
Fluid, amniotic, 820. 824, 827-8 
cerebro-spinal. See Cerebro-spiual fluid 
Fluids, reaction of, 304, 556-7 
Fluorine, in diet, 376 
Flutter, auricular, 111-12 
Focus, 740 

FOETUS, blood of, 722 ' 

brain of, 622, 627-8 
circulation, 825-6 

decidua and fcetal membranes, 820-5 
delivery of, 48, 827-9 
dissociation curve, 827 
glycogen of, 473 
heart-rate, 115 
rhythm, 106 
sinus of, 98, 108 
lactation, and, 816 , 
liver and spleen of, 327 
metabolic 'waste products, 823 


Ganqmon. 

Foetus — continued 

nutritionof, 822-3, 827* . ' 

respiration, 827 
. supply of oxygen, 230 
Follicles, Graafian, 799, 802, 809, 812 
solitary, 401, 440 
Fontana, spaces of, 733 
FOOD, 390-8 
absorption of 437-49 
adjuncts to, 397-8 
assimilation of, 4 
calorific value and r.q., 845 
flavour, 423 
minimum bulk, 301-2 

on body temperature, 6C8-9 ^ ^ 

on heart, 120 
oxidation of, 251 

pliysiological and physical heat-values, 348-9 
Ifliysiological order of a dinner, 423-4 
proximate principles. 390 
specific dynamic action, 854 
T'oramcn of Magendic, 699 
Foramen of Afonro, 690 
Foramina of Lnschka, 099 
Form, estimation of, 773-4 
Fortj^ milliinetro test of ofilciency of circulation, 1 
Fossa, ovalls, of heart, 88 
Fovea centralis^ 733, 737, 759 
Fractionation in moto-neuronc pool, 693 
Fractures, lieallng of, 386, 842 
Fragmentation, of red blood-corpuscles, 328 
Franck, Francois, cannula of, 132 
Frce-w'cigUtIng, 31 ; 

Freezing, of food, 305-0 
on nerve conduction, 03 

Freezing-point, to dctcnninc osmotic pressure, 2 
Frog, circulatory system of, 97-8 * 
contraction of heart of, 107 
, 'sympathetic control of circulation, 149-50 
vagal activitj’’ in, 153-4 

Frohlich's sjmdrome (dj’strophla adiposo-genitall 
695, 787, 788-9 

Frostbite, vasodilatation ft-om, 192 
Fructose (Ircvulose), a carbohydrate, 262 
chemistrj" of, 203, 288 
formation of, 200, 207, 305, 438, 472 
in urine, 641 
on heart action, 125 
test for liver efliciency, 438 
Fnufc, as adjunct to food, 398 
cellulose of, on intestinal movement, 48-9 
iron of, 370 
vitamin 0 of, 385-0 

Function, organic, methods of investigation, 630 
Fungi, In urine, 539 
Furfuraldehyde, 507 
Fuscin, 755 


G 

\ 

Galactose, a monosaccharide, 205 
conversion by liver, 438 
fonnation of, 267, 472 
in production of lactose, 474 
Galactosides, of nerve tissue, 57, 275, 276 
Gall-bladder, 502, 509, 510-11 
Gall-stones, 274, 508, 510 
Galvani, T^nigi (1737-98), experiments on anin 
electricity, 32-9 

Galvani’s contraction without metals, 38-9 
Galvanism, 33 
Galvanometer, string, 33-4 
Gametes, formation of, 802-4 
GANGLION (ganglia), basal, 622, 637 , 

“ function of, 095 
voluntary movement and, 679-97 
Bidder’s, 160 
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Gluoo-Photeins. 


Iteirooi^BiN. 


Gluco-proteins, 276, 279 

Glucosazone, 267 ^ . 

GIiGCOSE (dextrose, grape sugar), 262, 263 ct 


206, 267 

absorption of, 438, 445 
adrenals on, 439, 8GS 
blood sugar. See Blood sugar 
breakdown of, in exercise, 193 ^ 

calorific value, 348 
chemistry of, 263, 288 
constant, in body, 554 
'’conversion to glycogen, 402 
current carbohydrate of body, 472*84 
essential constituents of, 9 
excretion by skin, 666 
fate of, 472 

formation of, 269, 305, 438, 791 
in blood, 299-300 
in cerebro-spinal fluid, 099 
in foetal nutrition, 827 
in muscle tissue, 40 
in urine, 541 
liver efficiency and, 438 
mobilization of, 480-3, 779 
s5TnpatbDtic control of, 83 
on consciousness, 672-3 
on gastric secretion, 421-2 
on heart action, 124-5 
on metabolism, 365 . ' 

on respiratory quotient, 254 
permeability of cells to, 209-300 
reabsorption in tubules, 519 
Glucuronates, 265, 512 
in urine, 541 

Glutamine, detoxication by, 613 
Glutatluone, 252 
Gluten, 395 
Glutenins, 276, 395 
Glycerides, 305 

Glycerol (glycerine), 265, 271-2 
absorption of, 441-2 
on nerve and muscle, 16 
Glycerophosphate, 553 
Glycerose (glyceric aldehyde), 272 
Glyceryls, 271 

GLYCINE (glycocoll), chemistry of, 284, 289, 635-6 
detoxication, by, 512 
fate of, 493 
formation of, 278, 285 
in oxidation of fats, 487 
in protein synthesis, 497-8 
in urine, 543 
kidney on, 521 
on creatine excretion, 633 
percentage in cleavage products of various 
proteins, 288 
source of bile salts, 606 
Glycocholate of sodium, 506 
Glycogen (animal starch), 269-70 
breakdown of, 269, 481, 554 
.chemistry of, 265 

formation and fate of, in metabolism of carbo- 
hydrates, 473-5 
in muscle, 46, 269 
in muscle contraction, 39-42 
in rigor mortis, 45 
in starvation, 499 

of auriculo-ventricular bundle, 109, 269 
of embryonic tissues, 269 
of liver, 269 

of white blood corpuscles, 269 
origin of, 262, 473-5 
ptyalin on, 412 
storage, 269 
total reserve, 481 
Glycogenase, 269 
Glycogenesls, 473-5 


Glycogcnolj'sis (mobilisation of glucose), 480-3 
Qlyco-protcins, 410 
Glycosuria, 470, 480 
Glycyl-glycinc, 280 

Qlycyl-lcucinc, 289 . , ' ^ 

Gmelin’a test, 607, 542 
Goitre, exophthalmic. 356 
body tcinpcraturo in, 572 
Goitre, simple, 350 
Golgi, tendon organs of, 047 
Golfs tract, 027 

Gonads, pltiiUnry control of, 812-13 
Gonadotropic hormone, 788 
Gowers* splno-ccrcbcllar tract, G27, CDl 
Gramme-molecular solutions, 294 
** Granny’s tartan,** 179 
Granules, of secreting cells, 407 , 
olfactory, 714 
Granulocytes, 330 
Granulosc, 209 
Grape sugar. See Glucose 
•* Gravel,*’ in urine, 539 
Gravity, effect of, on circulation, 172-4 
Grey matter, 577-8, 022, GS5 
chemistry of, 67 

GBO^VT^ AND BEPAIB, 830-42 
calcium on, 373 
essential amino-acids, 497 
liormonc, 788 
milk on (diagram), 377 
parathyroid on, 553 
Biboflavino on, 385 
relation of thyroid to, 355-0 
vitamins on, 378, 379, 386 
Gtmiacnm, oxidation of, 251-2 
Guanasc, 495 
Guanine, 289, 495 
Guanidine, 492, 553 


II (liistaminc-likc) substance of Lewis, 793 
production of, in shingles, 65 
Habit, 621 
Hicra, 335, 336 
Hfcmacytoineter, 325 
Hajmatin, 330 
Hfcmatocrit, 318 
Haematogens, 279 
Hcematoporphyrin, 337 
Hfematoidin, 338 
Htematoporphyrin, 628 
Haemautograph, 139 
Hjcmin, 336 

H£EmocIiromes*= Blood pigments, q,v. 
Hpcmochroraogen, 253, 330 
Haemocyanin, 335, 376 
Haemodynamometer, 132 
H^adOGLOBIN, 277, 335 cl seq, 
a chromo-protein, 279 
and general oxygen-want, 255 
buffer substance, 659 
compounds of, 339-42 
content oL in blood, 216, 324 
crystalllsable, 280 
deoxygenated, 90 
dextro-rotatory protein, 281 
estimation of, 320 
in carbon monoxide poisoning, 201 
increased at high altitudes, 258 
iron in, 375 

lack of, on respiration during exercise, 239 

of arterial blood, 178 ' ' 

of muscle, 15, 46 

origin of, 341-2 

peroxIdase-like action of, 252 
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Heat. 


'Bant^continucd . , 

production by protein, 3C4 
rigor, 23 * 
spots,' 048*50 
stroke, 670 

“Heat” (ffistriis), 808 
Helicotrema, 719 
HelmhoItz^s phakoscope, 744 
theory of liearing, 725 
Hemianopsia, 040 
Hemiplegia, 6S2 
Hemispheres, cerebral, 022 
Hettle, loop and tubules of, 514*10 
Henry-Dalton lau" for partial pressure of gases, 298 
Hensen*s Une, 13' 

Hepa.tic. See liver 

Heparin on blood-clotting, 316, 317-18, 500 
Hering-Breuer reflex, 232-3, 234 
Heredity, and conditioned reflexes, 021 
Herpes zoster (shingles), 05 
. Hexone bases, 287 . 

Hexoses, 205, 494 
Hexosephosphate, 40, 475, 553 
Hexyl alcohol, 271 
Hiccough, 240 
Highmore, body of, 797 
HUus, of lymphatic gland, 190 
Hippurates, 535 

His, bundle of (auricnlo-ventricular bundle), 108 
Histaminase, 793 
absent from skin, 144 

HISTAMINE (^-imidazolyl-etbylaminc), 793-4 
adrenaline on, 781 ' " 

adrenals and, 782 
in asphyxia, 247-8 
in blood from totanised limb, 168 
in gastric secretion, 421, 422, 424 
liberated by vasodilator nerves, 104 
on blood-pressure, 146 
on capillaries, 144 
on l3miph flow, 192 
on peripheral resistance, 129 
on succus entericus, 433 

origin of, 287, 447-8 T 

Histamine shock, 168 

Histamine-like substance in triple response, 179 
Histidine, an essential amino-acid, 448, 497, 793 
importance of, 287 
production of, 781 
recognition of, 440 
Histones. 276, 277, 431, 433 
Histiocyres, 8 
Histology, scope of, 1, 5 
Holmgren’s wool test, 700 
Homeostasis, 547-55 
Homoiothermal animals, 507 
HOHMONES, adrenal, 14S 
constant, 555 
definition of, 775 
from essential amino-acids, 497 
follicle-stimulating, 812 
luteinising, 812 
of pituitary, 788-9 
sex, 273 

. suprarenal, 84 
thyroid, 148 
Humidity on fatigue, 74 
Humoral substances, 793-5 
' Humours, aqueous .and vitreous, 732 ; . 

Hunger, 365, 554, 667-8 ' 

Hydrobilirubin, 607 

Hyaline cartilage, 831, 835 

Hyaloplasm, 14 

Hydrocele fluid, 319 

Hydrogen, 9, 39-42, 252 et passim 

HYDHOGEN-IOK concentration (pH), 556-7 

’ acid-base equilibrium, 556-61 


Infections. 

Hydrogcn-lon concentration — continued 
‘detormination of, 557 
of blood, 222, 557, 558-9, 844 
at higii altitudes, 258 . > 

exercise on, 42 
of body fluids, 601 
optimum, of enzyme action, 308 
of gastric juice, 417 
respiratory Btlmulua on, 231 
Hydrogenation of fats, 273 
HYHKOLYSIS, by cnz>TnC3, 301 ci seq. 
equilibrium point, 302 
ill fat absorption, 441 
inversion, 260 

law of mass action, 301 ct seg, 

. of bile adds, 606 
of cane sugar, 200 
of globulins and albumins, 278 
of glycogen, 209 
of lactose, 208 
of .ossification, 841 
of proteins, 282-4 ^ 
of starch, 269 
of sucro.SD, 207 
Hydmtrophy, 445 
of amino-acids, 440, 442 
Hydroxyl. 202, 280 
Hypermsfchesia, 058 
Hyperalgesia, 000 
Hyperchlorhydria, 417 
Hyperglyciemia, 480, 779 
ncrvmus mechanism In, 482 
Hypermetropia, 749 
Hyperpnooa, 254 
of asphj^ia. 240 

Hypersensitivity, to proteins, 440 
Hyperthyroidism, 354-5 
heart-rate in, 119 
hyperglycoemia of, 483 
Hj'pertonic solutions. 297 
Hypobromlte method of estimating urea, 544 
Hypoglycaitnia, 477-8 
on rigor mortis, 45 
■ unconsciousness in, 073 
Hypothalamus, functions of, 094-5 
heat-regulating centre, 571 • 
relation to pituitary, 787-8 
stimulation of, on heart, 151 
voluntary movement and, 079-97 ' 
Hypothermia, 673 
HypothjToidlsra, 354 

Hypotonic solutions, 297 j 

Hypoxanthine, 40, 321, 495-0 
Hysteria, 665 


I 


Icterus index, 508, 511 
Illusion, 064, 773-4 
Immunity, 346 
Incus, 716 

Index of refraction, 740 
Indican, 512, 537 
Indigestion, 457 
Indole, 286, 447, 511, 512, 537 
Indophenol oxidase, 253 
Indoxyl, 611, 612 
Indoxyl-suJpIiate, 537 

Infantile paralysis, absence of reflexes, 596 ' 
degeneration of nerves in, 09 
mechanical artificial respiration for, 241 
Infantilism, Lora in-Levi, 785, 780 
Infections, deficiency of phosphorus after, 554 
function of lymph in,, 193 
on hjcmoglobin, 342 
on white blood-corpuscles, 329 
precipitation’ of calcium in, 661 
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KiDNBTS. 

Kidneys — cont Inned 
excretion of insulin, 470 
of monosaccharides, 472 
extirpation, 621 
functions of, 510-17 
in dropsy, 191 
in glycosuria,- 480 
in starvation, 499, 500 
nerves of, 521-2 . . 

neutralisation . of acid products, 493 
oedema in disease of, 190, 301 
phloridziu on, 480 
pitultrin on, 789-90 
renal circulation, 90 
renal efficiency, 623-4 
renal tlireshold, 480 
** stones ** in, 539 
tubules of, 514-16 
epithelium of, G 
Kidney volume, diet on, 532 
Kinases, 306 

Kjeldahl's method of nitrogen estimation, 289, 644 
Kt^EE-JEUK, 594, 595-G 
central inhibition, 615 . 
pendulum, in cerebellar disease, 090 
Krause's membrane (Dobio's line), 13 
Kymograph, 132 


L 

EabonrT)ain5, 827 
Labyrinths, 718-19 

concerned in posture and equilibrium, COO-7 
Lachrymal sac, 730 
Lact-albumin, 277, 391, 393 
Lactase, enzyme of succus entericus, 433, 438 
hydrolysis of lactose by, 305, 472 
secretion by pancreas, 431 
Lactates, 225, 254. See also Acid, lactic 
Lactation, 811, 814-10 
calcium loss during, 552-3 
Lacteals, definition, 187 
description, 402 , 
in absorption of fat, 441 
Lactogenic 'hormone, 788 
Lactosazone, 267 
LACTOSE (milk sugar), 267-8 
chemistry of, 204-5' 
formation during lactation, 474 
hydrolysis of, 305, 300, 433, 438, 472 
in urine, 267, 541 
Lacunae, of bone, 833-4 
Lsevulose. See Eructose ' 

Lamellae, of bone, 834 et eeq^ 

Lamina cribrosa, 734 
Lamina, spiral, 719 
Langerhans, Islets of, 426, 476-8 
Lanolin (wool-fat), 274 
Laryngismus stridulus (croup), 240 
Laryngoscope, 705 et sea, 

LARYNX, 197, 704-9 
effect of blow on, 155 
in expiration, 202 
motor area, 636 

movements of, in swallowing, 452 
Law, Eechneris interpretation of AVeber’s, 652 
logarithmic, of enzyme action, 307 
Marey's, 155 

Muller's, of specific nerve energies, 052 

of Arrhenius, and enzyme action, 308 * 

of fluid pressure, 128-9 

of gases (Dalton-Henry), 213 

of mass action, 301-2 

Starling's, of the heart, 117 

Weber’s ,652 

Layers, primary, of cerebral cortex, 625 et seq, 
retinal, 734-7 


Liver. 

Lead poisoning, 323 " * 

LECITHINS (phosphatidcs), general composition 
.and properties, 275 
metabolism of, 481-6 
of eggs, 374, 3D4 
of lymph, 442 
of milk, 392 
of nerve, 67 
of spleen, 185 
Lccithinascs, 305 

Leech extract, on l)loo(l clotting, 310 
on lyinpli flow, 192 

Leeuwenhoek, obscr^^atlons on circulation, 90 
Lens, crystalline, 732, 738 
accommodation, 743-7 
distance to cornea and retina, 740 
index of refraction, 740 
radii of curvature, 740 
Lentils, constituents of, 396 
Lcptoccphalus, 311 n. 

Lcucinc, an essential aralno-acJd, 497 
chemistry of. 285. 280, 289, 447 
in urine, 539, 543 
of ccitain proteins (tabic), 288 
of pancreatic juice, 427 
production of, 432, 493 

.LEUCOCYTES, 329-33. See also Wliitc blood 
corpuscles 

amoeboid movements, 333 
in fat absorption, 443 
polymorphonuclear, 329, 332 
transitional, 330, 332 
transport of fat by, 485 
Leucocytosis, 332 
Ijeiicyl-alatiluc, 289 
iKiUcyl-glycyl-alaninc, 289 
Levator palpebrfe supcrforls, 730 
Lever systems, of bones, muscles, tendons, 28-9 
Licborktihn, crypts of, 402, 431 
Life, amino-acids essential for, 497 
tnpod of, 3 ct seq. 

Ligaments, spiral, 719 
vascularity of, 94 
Ligainentum nuebro, 8 
Light, on pupil, 753 
on retina, 755-8 
spectrum, 703 

ultra-violet, on enzymes, 310 
Linking, in conditioned reflex, 018 
Lipase, enzyme of pancreatic and gastric juices, 
272, 275, 805, 309, 410, 427, 428 
estimation of activity, 435 ' 
main function of, 442 
on fat absorption, 443 . 

LtPIDES, compound. See Lipins 
of nerve, 64 
of spleen, 185 
utilisation of, 485 
simple. See Pats 
Lipins (compound lipides), 275-G 
Lipoids (obsolete) : see Sterols 
Lipochromc, 392 
Liquids, surface tension, 302 
swallowing of, 453 
Liquor foUiculi, 800 
LIVER, 602-13 
acute atrophy of, 543 
. adrenaline destroyed in, 780 
amino-acids in, 490 
blood depot, 182, .184 
blood formation, 327 
cholesterol of, 274 
copper in, 376 ^ 

enzymes of, 306 
extirpation of, 505 
fat, 486 
fcetal, 327, 823 
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UVEK. 

, Liver — eontinv^d 
• formation of creatine by, 534 
formation of fat, 474 
functions of, 505-0 
test for, 511 
jrlands of, 402 
slycojrcn of, 200, 473 et seq. 
in diabetes mcllitis, 4S3 
in formation of fat> 474 
in jdyco^renolysls, 4S0-3 
In pemiejous anxmia, 417 
in starvation, 499, 500 
internal secretion, 473 
isolated, perfused, 4S7-S 
ketosis and, 48S-9 
lecithin of, 275 

' lyiDpb and Ijinphatics, 194, 195 
cedema In disease of, 190 
resynthesis of glycogen, 40, 42 
size and activity of, 3C3 
storage of fat, 4S5-0 
storage of glycogen, 473-4 
urea fonnatlon, 493 
Living test-tube experiment, 319 
Living things, structure and chanicteristics, of 3 
Load, on efficiency of muscle, 30-32 
on muscle contraction, 23 
Lobes, of brain, 623 
of lung, 193 
Lobules of liver, 502-4 
of lung, 193 

Local sign, in reflexes, 539 
Locke’s solution, 125 
Ix)ckjaw, 612 

Locomotor ataxy (Tabes), 594, 596, 605, 684 
absence of light reflex in, 771 
Logarithmic law of enzjTne action, 307 
Lorain -Levi Infantilism, 785, 780 
Loudness, 703, 723-9 

Ludwig, Carl, experiments on blood-pressure, 
132 

LU^^GS, 197-9 
alveoli, epithelium of, 5 
blood depot, 182 

blood vessels, nerv'ous control of, 245 
function of, 9-10 

gaseous exchanges, 224-5, 22C et seq, 
in course of circulation, 90 
in staia’ation, 500 
movements of, 200 el eeq, 
tension of COj In, 227-8 
total ventilation, 203 
Luschka, foramina of, 699 
Luteal phase of oestrus cycle, 809 
LQtkens’s sphincter, 509 
LYHPK, 187-90 
composition of, 195 
filtration and reabsorption, 519 
-flow, 194 ' 

formation of, 190 
function of, 193 
lubrication by, 5 

in gaseous intercJiangc in tissues, 248 
' of pericardium, 121 
-path, 189 

relation to blood, 194-5 
renewal of, 195 
secretion and, 404-7 
Bpcciflc gravity, 195 
Lymphatic system, 187-90 
Lymphatics, 187 et itq. 

phagocytic function of, 193-4 
Lymphocytes, 8, 185, 195, 330, 332 
Lysine, an essential amino-acid, 497 
chemistry of, 237 
fonnatlon of cadavcrinc from, 543 
growth and, 831 


Medulla oblongata. 


3Tacrophagcs, 50, 323 
Macrosmatic animals, 714 

Macula lutca (yellow spot), 733, 734, 737, 759, 7G2 
representation in cortex, 640, 7G9 
Magendic, discoverer of functions of spinal roots 
582-3 * 

Magcndie, foramen of, 099 
MAGNESIUM, co-enzymc'for phosphatase, 300 
in diet, 376 
in fmces, 440, 44S 
in urine, 446, 530, 554 
of milk, 392 

present in all tissues and body fluids, 376 
Malaria, body- temperature in, 573 
on monocytes, 330 
spleen in, 185 
Malleus, 710, 723 

Malpighi, .Marcello (1628-94), observations on 
capillaries, 96 
Malt sugar. See Maltose 
Maltase, hydrolj*sis of maltose, 305, 438 
reversibility of action, 309 
of pancreatic juice, 4^ 
of succus entericus, 433 
Maltosazone, 207 
Mammary gland, 273, 393, 814 
MALTOSE (malt sugar), 265 
chemistry of, 265, 412 
description of, 268 
end-product of starch, 2G0 
hydrolysis of, 305, 306, 438, 472 
saliva on, 412 
Manganese, in diet, 376 
Mannitol, 263, 288 
Manometers, 101-2, 128-9 
Man-values, for caloric requirements, 3GC ' 
Marclii’s osmic acid method, 58, 579 
Maroy’s tambour, 202-3 
Margarine, 273 
Jlariotte’s experiment, 753 
MAKIlOW, red, activity at liigh altitudes, 258 
blood formation in, 327 
hypertrophy alter removal of spleen, 185 
polymorphs developed in, 332 
red and yellow, 833 
fat of, 270 

yellow, activity after prolonged haemorrhage, 
174, 327 

Mass action, law of, 301-2 
Mass peristalsis, 461 
Mastication, 451-2 
on blood flow, 161 
Maturation of ovum, 804 
Maxwell's machine, 758 
“ Meal," test, fractional, 419 
Meat, 394-5 

biological value of, 342, 501 
extracts, on gastric secretion, 422 
in a dietary, 305 
on bile, 510 
on faeces. 449 
on gastric juice, 418 
vitamins of, 389 
Meatus, external auditorj’’, 716 
Medicine, function of, 2 
Medulla, adrenal, 770-82 
Medulla, of lymphatic glands, 189 
Medulla oblongata (bulb), 574 
effect of foreign body near, 177 
parasympathetic fibres from, 82 
stimulation of, on heart, 151 
vasoconstrictor centre, 158 
vasomotor changes in, in production of Cflieync- 
Stokes respiration. 238 
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Meqaioblasts. 


jkluLL'nn’s liAW. 


Megaloblasts, 327 
Melanin, 2SC, 6G6, 755 ^ 

Membrana gmnulosa, of ovar>,/ 09-800 
Membrana Uniitans externa, #35, #37 
Mcmbrana limitans interna, 734 
Membrana tectoria. 721 
AIeinbrana.tyinpani, 71G, 722-4 
MEMBRANES, basilar, 719 

and appreciation of sound, 724 ct seq, 
fibro-elastic, of tracbea and bronchi, 197-8 
fcetal, decidua and, 820-5 
rupture of, 828 
hyaloid, 738 

mucous, of alimentary canal, 399, 401 
of larynx, 705 
vascularity of, 94 
of Bruch, 737 
of pulmonary lobules, 198 
of Reissner, 720 
ossification in, 830-7 
plasmatic, of cells, 303 
semi-permeablc, 295 
serous, of pleura, 198 
vitelline, 802 
Meniere’s disease, 610 
Meningitis, 701 
Menopause (climacteric), 818 
on mammary glands, 814 
Menstruation, 327^ 808, 816-18 
Mental activity, on blood depOts, 186 
on blood-vessels, 136, 160 
on circulationj 171 
on sympathetic activity, 152 
on vasoconstrictor centre, 159 
Mental stress, on blood volume, 314 
Menthol, on cutaneous sensibility, 649, 659 
Mercury, excretion by skin, 506 
salts, reduced by glucose, 26G 
Mesoderm, 327 
Metabolic hormones, 788-9 
Metabolic rate, 352-4 
control by ductless glands, 354 ct seq, 
starvation on, 499-500 
METABOLISM, 347-60, 470-501 
adrenaline on, 779 
at menopause, 808 
basal, ^352-4 
starvation on, 499 
carbohydrate, 472-84 
, pituitrin on, 791 
definition, 4, 10 
endogenous, 491 
creatinine produced by, 533-4 
exogenous, 491 
fat, 484-9 
foetal, 823 

general, and energy exchanges, 347-60 

heat in, 44 

in contracture, 26 

in heart tissue, 122 

in nerve, 64 

in pregnancy, 816. 

in small and large animals, 115 

intermediate, 470-501 

liver functions in, 505 

methods of studying, 349 et Beg. 

nitrogenous, spleen in, 185 

protein, 490-8 

purine, 493-6 

specific dynamic action of proteins, 364-5 
thyroid on, 354-7 
Metaproteins, 283, 427,' 439 
Methsemalbumin, 336, 339, 340-1 
Methionine, 287, 497 
Methyl alcohol, 271 
Methyl-glycerol, 272 
Methyl-glycine s=*Sarcosine g.v. 


Jfcfhyl indole; 280 
Methyl mercaptan, 530 ji. 

Methylene blue, in study of living tissues, 252 
Mett’s method, of estimating proteolytic ncUvUs 
430 

Meyer-Overton theory of narcot ic etfects, 300 
Micrococcus wrem, 531, 533, 540 
Jlicro-gas analysis, 211 . 

jficrophages, 328 
Microsmatlc animals, 714 
JUCXUIUTJON, 524-7, 598 
Mid-brain, 575, 604 
and sleep, 674 
animal, 699 

^lidwifcry, use of chloroform In, 157 
Midgets, 780 
JillLK, 278, 390-4 
adaptation of cow's for human, 393 
biological value of, 501 
carrier of intestinal Infection, 440 
coagulation of, 391-2 
composition of, 391, 845 
-curdling enzyme, 428-9 
fever, 563 

human, production of, 814-16 
iron of, 370 
on gastric acidity, 418 
on growth (diagram), 377 
proteins of, 391, 501 
reaction and specific gravity, 391 
sour, in dyspepsia, 448 
souring of, 304, 392 . 

sugar. See Lactose 
uterine, 821, 822 

valueless to repair Ijmmorrlmgc, 342 
vitamins of, 378, 380, 382, 393 
Milk-teeth, 450 
Mfllon's reagent, 281 
ilincrals, body requirements of, 373-0 
of blood-corpuscles, 333 
Jlind, mental depression, 694 
^liners' cramp, 550 
Modiolus, 719 

Molecular layers of retina, 734 
" Monkey gland," 803 
Monocytes, 330, 332 
Monoacctin, 271 
Monoliydtic alcohols, 203, 271 
Mononuclears, large, 330 
Mononucleolidcs, 280 
Monosaccharides, 204-5, 472 
Sfonro, foramen of, 699 
Moore's test for sugar 
. Morphine, excretion of, 541 
on blood COj, 250 

on formation of glycuronlc acid, 205 - 

on sympathetic, 167 
Monila, 820 

Motoncuronc pool, 28, 693 
final common path from, 614 
Mountain sickness, 257-8 
Motor unit and moto-neurono pool, 593 
Movement, as sign of life, 4 
motor areas of cerebrum, 032-3. 634-7 
voluntary’, 079-97 • 

Mucin (mucus), 279, 408, 411, 416 
Mucinogen,' 408 

Mucinoid substance of bile, 506 
Mucoids, 279 

Mucus, description of, 410 
in urine, 638, 643 
of alimentary canal, 401-2 — 
of bile, 509 
of saliva, 411 

against auto-digestion, 416 
MUllcr s Law of Specific Nerve Energies, 052-S 

IliilBClC| 7t>^ 
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Mtosinooen. 


Myosinogen, 46 
Myotics, 752 
Myxoedema, 354 
on reaction time, 683 


N 


Nails, 662 

Vitamin B, deficiency on, 383 
Narcotics, on colon secretion, 467 
on rigor mortis, 45 
on sympathetic, 167 
Near jjoint (vision), 746 
Nephritis, coma in, 673 
Nepliron, 516, 620 

NERVE (nerves, nervous), accelerator, 83, 234 
accessory (11th cranial), 82 
activity, changes during, 63-5 
afferent, 52, 151, 168, 160, 654 
anabolic, 83 
aortic depressor, 154 
auditory (8th), 606 
auditory pathways, 726-7 
autonomic, drugs on, 85 
system, 76-86 
axon, 53 

cardiac accelerator, 79, 163 
cells, cortical death of, 698 
deprivation of hlood on, 698* 

H-ion concentration on, 126 
medicine on, 79 

of extensor and flexor reflexes, 28 
of retina, 733-7 
of spinal cord, death of, 698 
reflex stimulation of, 26 
cervical sympathetic, 142, 160 
chemistry of, 67-8 
chorda tympani, 163 
ciliary, 81 
cochlear, 721 
conduction. See Impulse 
connections of skin of hand, 650 
contracture, 26, 70 
crossing, 60-2 

cutaneous, in inspiration, 237 
degeneration of, 56-7, 69-70 
depressor, 159, 166 
-cells. See Cells 
electric phenomena of, 38 
end-bulbs, 644, 650 
-endings (nen^e-plates), 651 
acetyl-choline at, 26, 156-7 
concerned with pain, 656 
** flower spray,'" 647 
free, 646 
sensory, 644-50 
in muscle, 587 
structure of, 67 
facial (7th cranial), 82 
fatigue, relative absence of, 62 
-fibres, annulo-spiral, 647 
antidromic,. 82 
association, 623, 642-3 
basket, 735 
degeneration, 52, 66-7 
description of, 55 et seg, 
elastin of, 278 
' growth of new, 58-60 
medullated and non-medullated, 65, 50, 77 
motor, 77 
nicotine on, 79 

numbers passing to muscle-fibres, 593 
of ins, 752 

of white matter, 577-8 
optic, 640-1, 733 et seq, 
post-ganglionic, 77 


Nervous System. 

Nerve — coniinned 
-fibres, prc-ganglionic, 79 
l)rojcction, G25 
sac ml, 82*3 

sustcntacular, of MuHor, 734 
sympathetic, course of, 14S-9 
on licart rate and output, 150 
vasoconstrictor, 159-61 
vasodilator. 82, 163-0 
fibrils, Merkel “ cells,*' 046 
Glossopharyngeal (9th cranial), 82, 155 
hypogastric, 77, 81 
on micturition, 524 

NEIllTS-IMrULSE, 10, 52 cl $cq,, 052-0 
adaptation,’ 653 
afferent, and sympiithcUc, 84-5 
antidromic, CIO 
at synapse, 588, 691-2 
constancy of, 01 
direction of, 08-70 
from muscles and skin, 054 
humoral transmission of, 05-7 
nature of, 02-5 
negative wave, 63-4 
protopathic, 657 
velocity of, 62, 67-8, 845 
involuntary muscle contraction, 28 
inhibitory, of parasympathetic, 163 
katabollc, 83 
medullated, 65 
mixed, 164, 678 
-muscle preparations, 20, 48 
molecular movement in, 10 
non-medullated, 55 
of alimentary canal, 465-7 
of blood-vessels, 92 
of capillaries and arterioles, 107 
of salivary glands, 408-11 
of skin-vesscis, 178 
of teeth, 451 
of tongue, 711 
of vision, 769-70 
olfactory (1st cranial), 713-14 
optic, 733 cl seq,t 757 
pelvic (ncrvl erigentes), 82, 163, 464-7 
phrenic, 201 
physiology of, 55-75 

production of adrenaline and ncctyl-chollnc 
15G-7 

pudendal, 180 
refractory period, 19, 61 
regeneration of, 58-60 
section of, 19, 56 
somatic, acctyl-cliollne in, 66 
spina], 77 

spinal roots, 578-80 
functions of, 582-3 
Wallerian degeneration, 578-80 
splanchnic, 79, 81, 82, 161, 183 
control of adrenals, 781 
on intestine, 016 
stimulation of, 518 
splenic, 183 
stimulation of, 66, 142 

NERVOUS SYSTEM, functions of a, 10, 11, 52-4 
581 

autonomic, 49, 70-86 

on alimentary canal, 464-7 / 

. on circulation, 148-50 
on dcfajcatlon, 463 
on glandular secretions, 407 
central. Sec Central Nervous System 
- enteric, 83 

parasympathetic, 68, 76, 81-3, 153-6 
SYatPATHETIO, 76-81 
control of circulation, 148-56 
during exercise, 109-70 
luemorrhage on. 175 
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^’E^vVOus System. 

Kcrvous System — coniinued 
sympathetic, on cerebral blood-vessels, 170-7 
on coronary circulation, 170 
on heart, 148-9 
on spleen, 184 
relation to vapus, 155-0 
on thyroid catirity, 357 
sympathin, 07 
vasodilator fibres, 164 
vasomotor, 157-04 
vitamin deficiency on, 388 
tissues, 274, 275 
chemistry of, 57-S 
tripcmlnal (5th cranial), 82 
VAGUS (10th cranial), 82 
after ha?morrliage, 174 
and enteric system, 83 
control of respiration, 232-7 
crossing with cervical sympathetic, 00 
endings in lungs, 235 
escape, 153 

on alimentary canal, 4G4-7 
on blood supar level, 478 
on bronchial muscle, 198 
on cerebral blood-vessels, 176-7 
on circulation, 152-G 
on corona rj' circulation, 170 
on effects of chloroform, 157 
on gastric secretion, 421 
on heart, 05, 83, 122, 154, 015 
on CDsophagus, 454 
on pace-maker, 148 
on pancreatic secretion, 430 
on respiration, 23G 
on stomach, 407 
on sjTnpathetic activity, 152 
restraint, 154-0 
during oxercise, 109-70 
section of, 85 
on asphyxia, 247 
stimulation of, 107 
vasoconstrictor, 102-3 
vasodilator, 82, 103-0 
vestibular, 009, GS4 
Neurasthenia, C20 
Neuroglia, 278 
Neurokcratin, 278 
Neuritis, peripheral, 382-3 
Ncurolcmma, 55 
in nerve-endinps, 07 
in nerve regeneration, 59 
Neurone, 52 
Intcmunclal, 593 
motor, OSO-2 

of autonomic path, 70, 77 
Nicotine method of investigating nerve-fibres, 79 
on autonomic system, 8G 
on heart rate, 153, 157 
on nerve-cells and -fibres, 79-80 
on reflexes, 591 
on small Intestine, 400 
on sympathetic, 157 
Night blindness, 379 
Night vision, 750-7 
Nlssl granules, 72, C7C 
Nitric oxide haemoglobin, 339, 341 
NITROGEN, an essential constituent of the body, 

equilibrium, 471, 500 
excretion of, 302 et teq. 

In Caisson disease, 257 

in inspired and expired air, 253 

In respiratory air, 207 

in stara'ation, 499 

on muscle contraction, 39 

of protein, 471 

total, of urine, 544 


^Opxio Disc. 

Nocifensor system, GCG 
Nodal point, of eye, 739, 741 ‘ 

Nodule, of paleocerebellum, 087, 083 
Normoblasts, 327 
Nostrils, dilatation of, 204 
Nuclear layers of retina, 734 
Nuclein, 279, 333 
Nucleinase, 433 
Nucleolus, of cell, 3 
Nuclco-proteins, 276, 279-80, 281 
metabolism of, 493-G 
of muscle plasma, 46 
of nerve tissue, 57 
Nucleotides, 553 

NUCLEUS (nuclei), accessory auditoiy% 7 
Bechterew’s, 685 
caudate, 622, 095 
cuneatUB, 084 
Deiters's, 085 
dentate, 685 

descending vestibular, 009 
gracilis, 684 

lenticular dentiform), 622, 695 
of cardiac muscle fibre, 50 
of cell, 3 

of crystalline lens, 732 
of muscle-fibre, 12 
of Schwann cells, 56 
-olivary, 684 
pontis, 685 
principal, 609 
red, 685 
solitarius, 711 
third nerve, 085 
vestibular, 687 
Nutrition, of fmtus, 908 
of heart, blood-vessels, and tissues, 123-7 
respiration in relation to, 248 
And Diet, Digestion, Food, Metabolism 
Nystagmus, In cerebellar disease, 089, 091 * 


O 

Oats, constituents of, 390 
Obesity, 359-00 

Occlusion in moto-neurone pool, 593 
Oddi*s sphincter, 509 
Odontoblasts, 450 
(Edema, 146. 190, 301 
(Ersted, electro-magnetism, 33 
(Esophagus, in deglutition, 453 
muscle-fibres of, 12 n. 
parasympathetic supply to, 82 
part of alimentary canal, 400, 401, 4( 
(Estradiol, 809 
(Estrin. 814 
ffistrioj, 809 
(ESTROGENS, 809 
action of, 810 

excretion of, in pregnancy, 816 
on lactation, 811 
use of, at menopause, 818 
(Estrone, 809 
CEstrus cycle, 808-12 
relation to menstruation, 817 
Oils, fish liver, 378, 379 et seg. 
on peristalsis, 455 • 

vegetable, 270, 273, 380-7 ; 

Olein, 270, 271, 273 f 

Oocytes, 799, 802, 803-4 
Oogenesis, 802, 803-4 ' 

Ocigonia, 803 
Ophtlialmoscope, 758-01 
Opisthotonus, in Vitamin B, deficiency, 383 
Opium, on pupil, 752, 753 
Optic disc (U’hite spot), 733 ' 
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Ora ser^vta. 

serrato, 783, 737 
icularis, 730 
an of Oort!, 720-1 

ithine (dianiino-valcric acid), choniist-ry of, 
, 286, 492 
)rination of, 306 
ufcrescine formed from, 543 
zones, 268 

iUograph, cathode ray, 34 ' 

losis, 295-301, 547 ct seq. 

aportance of, in secretion, 405 

i food absorption, 443-4 

lotic pressure. Sec Pressure 

3in, 278 • 

cles, 716-17, 722-4 

ILFICATIOX, 836-42“ 

lemistry of, 841-2 

waling of fractures, 842 

r cartilage, 838-40 ‘ 

I membrane, 836-7 
ntis deformans, 842 
;itis fibrosa, 842 
ioblasts, 836 et seq. 
joclasts, 836 et seq,^ 
jomalacia, 553 
litlis, 608 
rian cysts, 279 
riectomy, effects of, SOS 
ry, 799 

ternal secretions of, 80S-12 
1 lactation, 815 
r-ventilation, 560 , 

1 arterial CO., 223 

i blood-pressure, 158 

1 consciousness, 671 

i decerebrate rigidity, 602 

1 reflex arc, 589 

-mucoid, 279, 394 

lation, 800-2, 804, 810, 817 

m (ova), 800-2 

id cilia of uterus, 6 

►mpared 'with spermatozoon, 803 

rtilised, 819 

iases, oxygen carriers, 251, 306, 310 
lation. coefficient of, 250 
cchanism of, 251-5 
‘ blood, 220 - 
•fats, 273 
alcohols, 263 
age in detoxication, 511 
if GEN and functional activity, 250 
id hffimoglobin, 219, 335 el seq., 340 
id Vitamin Bi, 383. 

ge intake, 253, 844 
, rs (oxidases), 251-2 
lent of solubility, 21 2 
tuent of proteins, 276 
mption, 257 
- 41, 254 

r* nation curves, 220-222, 257 
! .. dial for food absorption, 444 '' 

- f nerve activity, 64 
nation of, in blood, 218-14 
. iss, 261 

range in lung, mechanism of, 226 ct seq. 
f' rsure to high pressures of, 256-7 
il need for, 236-7 
( dr-raid shelters, 242 
dveolar air, 208 ' 
tigh-altitude flying, 259-61 
)iood, 212 el seq. 

00 poisoning, 261 

inspired and expired air, 207, 209, 253 
measuring output of heart, 120 
nutrition of blood-vessels and tissues, 126-7 
respiratory air, 207, 208, 209 
tissue respiration, .248-9 


PANCREAS, 

Oxygen— 

ill venous blood, 119-20 
in vital activity, 510 
intake, as sign of life, 4 
measurement of, in air, 200-11 
of blood-plasma, 319 
of foetal blood, 827 
on capillary pcnncabilit,y, 146 
on Cheyne-Stokes respiration, 238 
on ciliary movement, 7 ^ 
on muscle contraction, 39-42 
on reflexes, 589 
on reproduction, 383 

passage from alveolar air to blood, 226 tt seq. 
in tissues. 248 
in placenta, 823 

pressure, alveolar, normal, during rest and work, 
226 

at sea level and altitudes, 258 ^ 

in glandular structures, ^249 
ia.placcnta, 827 
removal of, in gas analysis, 210 
requirement of, by rigid muscles, 602 
resting need per minute, 257 
supply, to brain, on consciousness, G71-2 
to muscles, 9 

tension, in lungs and tissues, 228 
tissue requirements and capillary contraction 
142 

transport, in blood, 218-21 
use of, by heart, 122-3 
, by kidney. 517 

in metabolism, 350 et seq. 

-want, central cflccta of, 171 
in severe haimorrhagc, 175 
local and general, 255-61 
on cardio-inhibitory reflex, 166 
on coronary circulation, 176 
on lungs, 205 
on spleen, 184 
on night vision, 757 
on red blood-corpuscles, 324 
on respiration, 230 
Oxyhtemoglobin, 90, 219, 335, 339 
reduction in tissues, 220 
Oxytocic action of pituitrin, 700 
Oxytocin, 810 


P 

' Pacclilonian bodies, 699 
Pace-maker (sino-auricular node), 108, 148 
vagus on, 154 

P (pain) substances, 72-4, 656, 793 
PAIN, conditioned, 060 
free nerve-endings and, 640 
from puncturing arteries and veins, 92 
in muscle, 72-4 
in mixed nerve, 63 
nerve-impulses causing, 68, 655-0 
on pupil, 753 

protective sensibility to, 658 
psychological set in. 665-0 
on sympathetic activity, 84 > 
referred, 665-6, 607 
sensory pathway, 661-2 
spots, 648-50 
types of, 650 
Palcocerebellum, 687 
Pallor, after injection of pituitrin, 789 
in internal hferaorrhage, 169 
Palmitin, 270, 271 
Palsy, 695 

PANCREAS (pancreatic),' 426 et seq. 

" adaptation of, 431 
. and fat absorption,- 443 
and hyperglycsemia, 483 
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PA?»’CrXAS, 

Pancrca ? — continued 
pbnds of, 402 
in stan*atIon, GOO 
intra-cclliilar canaliculij 501 
juice, and bacterial action, 440-7 
composition and action of, 42G-9 
on carboiiydratcs, 438, 475-8 
on protein?, 439 

relation to carbohydrate metabolism, 475-S 
parasympathetic supply to, 82 
relation to pituitary body, 483, 783-9 
secretion, external and internal, 775 
mechanism of, 429-31 
terminal panplion In, 79 
Pancreozyrnin, 430 
Paplllre, linpiial, 710-12 
Paraflocculus, 637 
Parah*Traatin, 336 
Paralysis, apitans, 695 
crossed, 632, 693 

from injurv to parietal area, 638-9 
Infantile, 596 

pcncral, on lipht reflex, 771 
on ripor mortis, 45 
spastic, 695 
Para-mucin, 279 
Para my os! nopen, 46, 277 
Parasympathetic. See Xcrs’ous system 
Parathyroid. See Glands 
Parietal area of cerebral cortex, 638-9, C42 
Parietal layer, of pleura, 198 
Parentape, blood proups and, 344 
Parotid extract. 789 
Pars clliaris rctlnsc, 737 
Pars intercartilapinea, 707 
Pars Intermedia (pituitary), 784, 789-90 
Pars tubcralls (pituitary), 784 
Parthenopenesis, 804 
artificial, 819 
Parturition, 593, 827-9 
Pavlov pouch, 420-1 

Pavlov, work on conditioned reflexes, 617 ct seq. 

on pancreatic adaptation, 431 
Peas, constituents of, 396 
iron of, 375 

Peduncles, of cerebellum, CS4-5, 688 
PcIIapra, 384-5 

Pelvis, sympathetic supply to. 81 
Pendulum movements of small intestine, 460 
Penis, 798 
erection, 179-80 
vasodilator innervation, 103 
Pentoses, 265, 494 
in urine, 541 

PEPSIK, a protease, 305 
bolllnp on, 303 
crystalline, 304, 309 
diircrentlatlon from tiypsin, 415, 427 
on pcpslnopen granules, 425 
on protein, 439 
Pepsinogen, 306, 425 
X*cptides, 233 
Peptones, 277, 280 
alcohol on, 232 
lUuret reaction, 281 
description, 2S3-4 
digestion of, 427, 431 
ercpsln (succus entericus) on, 432-3 
on coagulation of blood, 316 
on lymph flow, 192 

product of protein-hydrolysis, 283, 305, 439 
re=istant to pepsin, 415 

Perfusion, experiments on blood flow and vaso* 
motor centres, 162 
Pericardial fluid, 310 
Pericardium, 121-2, 193 
Perlcliondrium, 833 
Perilymph, 607, 718 


PIOITEKTS. 

Perimeter, the, 701-2 
Periosteum, 833, 837 
Peripheral resistance, ncr\*ous and 
control, 180 
PERISTALSIS, 454-5 
in colon, 449, 401, 510 
in gastric secretion, 429-30 
in CEsophagiis, 453 
in small intestines, 459 
in stomach, 450 
reverse, 463 
Peristaltic rush, 459 
Peritoneum, 400 

Peritonitis, abdominal fluid in, 192 
Permeability, 299 

Peroxidases, 252, 332 " 

Perspiration. See Sweat 
Petit, canal of, 738 
Pettenkofer’s reaction, 507 
Peycr’s patches, 401, 446 
Pflugcr*8 law, 70 
Phagocytosis, 331 
Phako-scope, Helmholtz’s, 744 
Pharynx, musclc-flbres of, 12 n 
Phenols. 506, -510 
excretion of, 541 
Phenylalanine, 281, 285, 497 
Phenylhydrazine, reaction of sugars to, 2G 
test for sugar in urine, 641 . • 

Phenyl-sulphate, 537 
Phlegm, 198 

Phloridzin, on fat absorption, 442 
on glycogen, 474 
. on renal threshold, 480 
1 PHOSPHATASES (phosplioric esterases 
of, 305 

co-enzyme of, 300 
in glycogenolysis, 481 
of succus entericus, 433 
on lipins. 275 
reversibility of, 309 
r61e of, in ossification, 841-2 
Phosphates, buffer substances, 559 
in rickets, 654 
in tonic medicines, 654 
of gastric juice, 414, 415 
of urine, 537-8, 640 
on intestinal movements, 554 
organic, kidney om 621 
t Pliosphatides. See Lecithins 
Piiospholipides, 485, 653, 554 
Phospholipoids, 442 
Phospho-protcins, 270, 278, 374, 554 
Phosphorus, absent from gliadin, 497 
and parathyroids, 652-3 
in bone formation, 841-2 
in diet, 374 
in rickets, 381 
of nerve tissues, 58 
r61e in body, 553-4 
vitamin D on, 381-2 
\ Phosphorylase, 481 
\ Phosphorylation, 439, 442, 474, 554 
Photo-cliromatic Interval, 766 
Physiological zero, 054 - 
Physiology, definition of, 1-2 
method for studying problems, 95 
Pliysostigrainc (eserinc), on action of 
choline, 65 
on intestine, 467 
on pupil, 752, 753 
Phytascs, 382 
Pia mater, 674 

Pieds terminaux (*' boutons *') of ncr\'c-cc 
of grey matter, 577-8 
Pigmentation, In Addison’s disease, 776 
Pigments, In muscle, 46 
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i rnooARriNii. 

: . locarpine, on blood-sugnr level, 478 

c.s.f.. 701 

on glandular secretions, 407 
on heart-rate, 150 
bn intestine, 407 
bn night vision. 757 
on parasynipatnetic, 85 
bn snbmaxillary gland, 400 
bn sweat-glands, 665 
'ina, of ear, 710, 722 
btrowski's biuret reaction, 270, 2S1 
’cU» of musical sounds, 708, 722 
. ^ocm, 790 
*ressin 790 

XUITAUY BODY, 007, 783-01, S31 
and menopause, 818 
and sexual desire, 812-13 
control of gonads, 812-18 
extract, 790 
fvmcUons of, 785-91 
5n diabetes, 483 
in hypoglycacmia, 478 
in kidney secretion, 622 
in pregnancj", 791, 810 
on blood sugar, 483 
.. bn carbohydrate metabolism, 300 
■'* on lactation, 811, 814-16 
.on parturition, 790, SIO 
on spermatogenesis, 807 
on thjToid activity, 357 
ituitrin, 789-91 
. on skin- vessels, 171 
_ ‘lacenta. 820, 821-3 
' at parturition, 828 
functions of, 823-5 
hormone of, 823 
on lactation, 811, 815 
sinusoids of, 93 
‘ source of oestrogens, 809 
?lasma. See Blood 
plasticity, in decerebrate rigidity, 002 
‘Mthysmography, 161 
ieura(e), 6, 198-9, 200-1 
«ural sac, 198 
“utisy, fluid in, 192 
EXUS, Auerbach's, 83, 465 
ardiac, 149 
jhoroid, 099 
iffiliac, 77 

Meissner's, 83, 405, 407 
’f intestines, 465 
f sensory fibres, 640 
Of skin-vessels, 178 
•pelvic, 82-3 
renal, 521 

,3umonia, 256, 201 
\on leucocytes, 332 
bn white blood-corpuscles, 329 
»-espiration in, 235 
,?umothorax, 200 

. •euille, experiments on blood-pressure, 132 
•dlothennal animals, 507 ; 

*oning, by gas from liigh explosives, 341 
jad, 323 

sons, cholesterol on, 274 
-ictoxication in the body, 511-13 
d enzyme, 310 
issue, 253 

xar body, 804 , . • 

larimeter, 265-6 

Uomyelitis, anterior, mechanical artificial 
•-*> j-espiration for, 241 
f.' .7jygraph, 114, 140 
'.ymorpns, 330 
yneuritis, 382 

.ypeptides, buiret reaction, 281, 427 
hemistry of, 288-9 


PhosTHETio Group, 

Polypeptides— 

products of protein-hydrolysis, 282, 805, 427, 
437, 439 
trypsin on, 427 

Polysaccharides, 2G4-5, 208 ct seq. 

Polyuria, 480 
Pons Varolil, 674-5 
control of respiration, 228 
Porphyrins, 335, 341 
Porus opticus (physiological pit), 759 
Posture, maintenance of, C04-12 
neive impulses concerned in, 698-003, 000 
on circulation, 181 

on heart-rate and blood-pressure, 173 
reflexes, 698-603 

response of vasomotor centre to, 235 
POTASSIUM, adrenaline on, 551 
in diet, 375 

. in sympathetic stimulation, 07 
in ventricular fibrillation, 113 
of cell protoplasm, 8 
of milk, 392 
of muscle, 40 
of urine, 530 
on heart, 124, 154 

Potassium chloride, constant, in body, 550-1 
Potatoes, 209, 890 

PllEGXAKCY, Aschheim-Zondek test for, 812-13 
calcium loss during, 552-3 
corpus lutcum of, 801, 810-11 
iron requirements in, 375 
on adrenal cortex, 783 
on maramarj^ glands, S94, 814 
physiological cliangcs in, 816-18 
pituitary body in, 791, 816 
pseudo-, 811 
Pregnandiol, 811 
, “ Premortal rise,** 499 
Presbyopia, 750 

PUBSSUBE, alveolar, at lugh altitudes, 258 
barometric, on alveolar air and arterial blood, 220 
on heart-rate, 115 
blood-. See Blood-pressure 
, capilliary, importance of, 301 
measurement of, 137 
cerebral, on circulation, 155 
difference of, main factor in circulation, 97-8 
cndocardiac, 101 
Idgh, respiration under, 250-8 
intra-auricular, 1Q3 
intra-ocular, 738-9 
intrapleural, 203 
intra-thoracic, 243-5 
laws of fluid, 128-9 
on mixed nerve, 63 . 
osmotic, 295-301 (and see Osmosis) 
in secretion, 405 
of tissue fluid and blood, 191 
on capillary permeability, 192 
protective sensibility to, 658 
partial (Dalton-Henry Law), 213 
' pericardial, in respiration, 244 ^ 

pulse, 13G 
sense of, 648, 650 
systolic and diastolic, 136 
total palton-Henry law), 213 
Prodamines, 415 
Progeria, 786 
Progesterone, 783, 811-12 
on mammary glands, 814 - 
< relaUon to corticosterone, 811 
Prolactin, 811, 812, 815, 816 
Prolan (gonadotropic hormone), 788 
Pro-CEStrus, 808 
Propyl alcohol, 263, 271 
Prostate, 807 

Prostatic tlireads, in urine, 539 
Prosthetic group, 279 
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Pr.osTiGsrnrr. 

Prostlcmlnc (c?crinc), use of, In myasthenia pravls, 
CG, 702 
Pro?,! con, 275 

Protamines, 27G-7, 431, 433 
Protea = 0 ^!, 305 
PXlOTinXS, 27G-00 
absorption of, 437-40 
analysis of, 2^^0 
and kidney excretion, 51S 
animal and vegetable, 3C5-6 
bacterial action on, 447 
biological valiio of, 500-1 
brcakdo\m of, in Intestines, 437-S 
calorific value, 343 
carbon and nitrogen of, 471 
chromo-, 270 
classification of, 270-80 
cleavage products (table), 2SS 
coaguLation of, 280, 232 
colour reactions of, 231 
conjugated, 270, 279, 231 
constitution of, 237-90 
crystallisation of, 2S0-1 
digestion of, 414, 415 ft uq. 

by suckling infant, 433 
dbsbciatlon of, 294 
crepsin on, 433 
essential to life, 10 
first-class, 501 
gluco-, 279 
-liydrolysis, 232-4 
in balanced diet, 307 
in lyunph clotting, 195 
In pathological urine, 540 
indUfnsibility of^, 230 
injection of, 437 
Irreducible miniraum, 500 
metabolism of, 490-501 
on urine, 630 
muscle, in heat rigor, 23 
of blood -corpuscles, 333 
of blood-plasma, 319 
bufTer substances, 559 
functions of, 321 
osmotic pressure of, 133 
precipitation of, 319-20 ^ 

transport of CO, by, 224 
of cell protoplasm, 3 
of cerebral grey matter, 57 
of fibrous tissue, 8 
of lymph, 105 
of milk, 391 
of muscle, 40 
of pancreatic juice, 427 
of pulses, 39G 
of saliva, 411 
of senim, 320 

of tissue fiuid during vasodilatation, 192 
of tissues, water imbibed by, 191 
on polarised light, 281 
osmotic pressure of, 300-1 
precipitants of, 232 
prop^irrtics of, 230-2 
requirement, 3C2-4 
rc^piratorj’ quotient, 254 
solubility of, 230 
special metabolism, 493 
specific dynamic action of, 3GI-5 
sources of, 3C5-G 
-sparers, 500 
storage', 493 
structure of, 239 
succus cnterlcus on, 452 
synthesis, and essential amino-acids, 49C-8 
utilisation by ncr\-e, C4 
Proteolysis, estimation of, 435 
PKOTiiOSES, colour reactions of, 251 


Patioks. 

Proteoses — continued 
description, 233 
crepsin on, 432-3 

prcHluct of protein-hydrolysis, 305, 439 
reaction to heat, alcohol, and other agents, 234 
separation from other proteins, 232 
SUCCU3 entcricus on, 432 
trypsin on, 427 

Prothromhasc (prothrombin), 317-18, 321 
Protones, 277 

Protopathic sensibility, G57 
Protoplasm, of ceils, 3 
Protozoa, ciliary movement of, 7 
Pro-vitamins, 378 d ttq. 

Pseudoglobulin, 320 
Pseudo-mucin, 279 
PscudopodJa, 303, 333 
Pscudoscope, 773 
Psychology, Behaviourist, C21 
PTYALIN, a carbohydrase, 305, 411, 412, 438 
activated by chloride, 300 
origin of, 408 
Puberty, of female, 805 
of male, 803, 814 
pituitary body in, 791 
Pulsation, maximal, 13G 
Pulse, 138-40 
-beat, 131 

during Valsalva’s experiment, 245 
-pressure, 134, 130 
-rate, training on, 172 
response to posture, 181 
-wave, 138-9 
Puncta lacrimalla, 730 
PUPIL, adrenaline on, 779 
Argjdl -Robertson, 771 
atropine on, 752, 753, 779 
contraction and dilatation, 752-3 
cserine on, 762, 753 
light on, 753 
opium on, 752. 753 
parasympathetic on, 81 
sympathetic on, 84, 752, 753 
sham rage on, 032, 094 
Purgatives, 300, 404 
on bile secretion, 509 
Purine bases, 279, 280, 287 
Purines, constitution of, 494-5 
metabolism, 493-0 
Purkinje fibres, 109 
Purkinje’s figures, 755 
phenomenon, 760 
Pus 331 

in urine, 538, 540, 543 
Putrefaction, 280, 304, 44G-8 
Putrescine, In urine, .543 
Pylorus, glands of, 425 
rhythmic movement of, 450-7 
PjTamIdines, 357, 494 
Pyridoxin, 385 
Pyrimidine bases, 287 
Pyrogallol. use of, In gas analysis, 210 
Pyrroles, 342 
Pyrrole pigments, 335 

Q 

Quadratus lumborum, 201 
Quadriurates, 535 
Qulnidlnc, in auricular flutter, 112 
Quinine, excretion by skin, 500 

R 

Rage, sham, 632, 094 
Rami comraunicantes, 77, 84, 148 
Rations, tn peace and war and for brain w( 
306-7 
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Baynatjd's Disease. 

Raynaud's cliscasD, 665-6 
Reabsorption, selective. 619 
Reaction time, personal equation, 683 
Rebound, in reflex action, 690 
Receptors, in posture and equilibrium, 604-14 
Rectum, in defoecation, 462 
parasympathetic supply to, 83 
post-mortem rigidity, 49 
Red-green confusion, 765 

Redness, evidence of change in blood-vessels, 160 
Reductases, 306 

Reduction, stage of detoxication, 511-12 
REFLEX (REFLEXES), abdominal, 597 
absence of, 596 

activities, 681-621 
after-discharge, 590 
alteration in character of, 596 
anlde-cionus, 595 
ankle-je^k, 694-5 
animal, 631 

antigravity, 683, 686-7, 690, 594, 699, 604 
aortic depressor, 185-6 
arcs, 28, 54 

essential elements, 696 
lower, influences of liighcr centres on, 596-7 
properties and cliaracteristics, 588-91 
axon, 584 

Babinski's sign, 597 
Bainbridge's right auricular, 170, 244 
body-righting, 604 et seg. 
cardiac, 170-1 
cardio-accelerator, 186-6 
cardio-inliibitory, 154-5, 150 
narcotics and chloroform on, 157 
centre, 682 

"classification of, 683-4 
conditioned, 617-21 
analyser, 618 
biological function of, 621 
coincidence in time, 620 
extirpation of sensorj^ areas on, 637 
habit, 621 
heredity on, 621 
Mstory of discovery of, 584 
importance of, 621 
inliibition, external, 618 
internal, 619 

investigation of cerebral cortex by, 630 
linking, 618 
loss or extinction, 619 
of dog, to vomiting, 459 
of salivary secretion, 411 
of urine retention, 526 
sleep, 619-20, 674-5 
conduction, unidirectional, 589 
conjunctival, 770-1 
convergence, 613 ci seq. 
comeal, 584 
cortical flexion, 603 
cough, 239-40 
cremasteric, 597 
crossed extensor, 686, 687, 603 
inhibition of, 615 
definition, 581 

dependence on O 2 and CO 2 , 589 
depressor, 163 

and control of blood dep6ts, 185-6 
haemorrhage on, 174. 
epigastric, 597 
exaggeration of, 59 G 
excitation of, 615 
extensor, 28, 585, 587 
facilitation of, 588 
fatigue of, 588 
final common path, 613-14 
flexor, 28, 587, 612 „ 


REPETITIOK. 

Reflex — continued 
flexor withdrawal, 685, 580, 093 
, fractionated postural, 694 
gastro-colic, 462 
gastro-ilcal, 401 
gluteal, 697 
grasp, 637 

Hcrlng-Breuer, 232-3, 234, 669 
higher centres on, 690 
in decerebrate animal, 598 ci seq. 
in local sweating, 672 
in deglutition, 453 
in muscles of back, 597 
inborn, 621 

inliibition of, 689, 616-10 
, laiec-jerk, 694 
labyrinthine righting, 608 
tonic labyrinthine, 008 
latency, 692 

lengthening reaction, 002 

light (eye), 771 

local sign, 689 

Lovdh, 108-9 

mass, 585 

mechanisms, 64 

neck righting, 605 

of posture and equilibrium, 604-14 

optical righting, 605 

plantar, 597 

postural, and muscle tone, 598-603 
pressor, 158 
proprioceptive, 67G 
protective, 588, 584-6, 658 
psychogalvanic, 171 
refractory period, 692 
reinforcement of, 595, 690 
relation to muscle tone, 597 . ' 

respirators', 244, 098 
response, nature of, 590-1 
righting, 583-4, 003, 004, 005, 008 
scratch, 614 

inhibition of, 016 
spinal, 594, 098 
fatigue in, 588 
protective, 684 
spread, 689 
stretch, 580, 598 
superficial, 597-8 
tendon, 594-7, 693 
thrust (flexor plantar), 680-7, 697 
time, excitation on, 015 
reduced, 699 
tonic, 603, 005, 008 
trace, 018 
visceral, 598 
vagal, 105-0 
vasoconstrictor, 162-3 
vasodilator, 105-0 
on blood depots, 182 
walking, 002 

^v^thdra'waI (extensor plantar), 597 
Refractory period, absolute, of nerve, .61 
of heart muscle, 110-11 
of reflexes, 692 

Refractory phase, of stimulated muscle or nerve, li 
Rehfuss, Fractional test meal, 419 
Reil, island of, 625-6, 703 
. Rein's thermostromulir, lGl-2 
** Reinforcement, in reflex action, 014, 018 
Rejuvenation, 807-8 
'Relaxation, nature of, 32 
in muscle contraction, 22 
post rigor mortis, 45 
Relaxin, 811 , ' ■ 

Renal threshold, 480 
Rennet (rennin), 306, 391, 425 
of gastric juice, 416 
Repetition, on conditioned reflex, 618 
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SAC. 


S , 

Sac, lacrymal, 730 
Saccule, 606-7, 608, 718-19 
Salicylates, excretion of, 265, 541 . " 

Saline, hypertonic, on brain volume, 177 
normal, composition of, 21 
elFects of injection, 518 
rectal administration of, in shock, 445 
on blood corpuscles, 323 • 
on muscle contraction, 47 n, 47-8 
purgatives, on intestines, 48 
to replace salt lost by sweating, 550 
SALIVA, 408-13 
. amylolitic activity, 435 
composition, reaction,. and specific gravity, 411 
in disease, 413 
diet on, 447, 561 
enzymic action, 268 
function of, 413 

glands, salivary, drugs on, 406, 409-10 
liistology of, 407 
in vomiting, 458 
on mastication, 452 
on starch, 438 
osmotic pressure, 405 
ptyalin of, 305 
salt concentration of, 406 
secretion of, 406, 408-11 
of dog and cat, 409 
vegetable food on, 447 
** Salting out,” 277, 282 
SALT (SALTS), absorption of, 437, 445 
essential for growth, 831 
excretion by kidney, 194 
in action of ptyalin, 412-13 
in diet, 373-6 

in nourishment of foetus, 827 
injection into blood stream, 300 
loss, excessive, 550 
' on blood-clotting, 316 
on hjemoglobin, 220 
requirement, 373-6 
Sanson's Images, 744 
Santorini, cartilage of, 706 
Saponification, 272 
Saponin, hsemolysis from, 345 
Sarcolemma, 12, 67, 278 
Sarcomeres, 13 
Sarcoplasm, 12 
Sarcostyles; 12 
Sarcous element, 13 
Sarcosine (methyl-glycine), 287, 533 
Scala media (canal of the cochlea), 720 
Scala tympani, 719 
vestibuli, 719 
Scarpa, ganglion of, 609 
Scheiner^s experiment, 746 
Schlemm, canal of, 733, 738 
Sclera (sclerotic), 730, 731-2 
Sclero-proteins, 276, 278, 415 
Scotoma (blind spot), 747 
Scurvy, and vitamins, 385-6, 388 
Sebum, 274, 562, 564-5 
Second wind, 256 . 

Secretin, 429-30 
on succus entericus, 433 
SECRETION, 80, 404-7 
antilytic, 409 
gastric, 420 et seq. 
innervation' of, 82 
mechanism of, 420 et seq. 
methods of studying, 419-20 
internal, of ductless glands, 775 et seq, 

. nature of the process of, 404-7 
of bile, 508 


SHAkPEr, 

Secretion — continued 
of insulin, 478 
of skin, 562-3 
of stomach, 424-5 
of succus entericus, 431-3 
of sweat, 663-4 
pancreatic, 429-31 
innervation of, 82 
paralytic, 409 - - 

salivary, mechanism of, 410-11 
Segmental movements of small intestine, 459-90 - 
■SENSATION(S), 644-09 
adaptation, 663-4 
and sympathetic, 84 
appreciated in thalamus, 663 
analysers, 652-3 
auditory, 722-9 
classification of, 654, 657-9 ^ 
colour and colourless, 703 cl seq, 

” conditioning,” 660 
cutaneous, 648-60 
discriminative, 658 
drugs on, 059 - 
during sleep, 073 
epicrifcic, 057 

extent and intensity, of 055 

gusti^tory, 711-12 

heat and cold, 648-50, 661-2, 063 

hunger. 667-8 

hyperalgesia, 066 

injiuTi^'^ to spinal cord on, 693 

latent period, 652 

local signs, 604 

mind on, 605 ct scq. ^ 

muscle and joint, .054-5, OGO-1 
nerve impulse in,. 652-0 
olfactory, 712-15 
pain, 001, C65-6 
» conditioned, 060 
deep, 663 
referred, 605-0 
protective system of, 058 
protopathic, 657 

recovery of, after nerve section, GO 
sensory areas of cerebrum, 033, 037-43 
sensory nerve-endings, 644-50 ' 
sensory pathways, 660-9 
significance of, 663-5 
special, 657 

stimuli, 'Weber's law of, 651-2 
tactile, 661 
thirst, 669 
vibratory, 661 
visceral, 666-7 
visual, 762-71, 772-4 
duration of, 757-8 
Sensibility, recurrent, 583 
Septum, median, of spinal cord, 578 ' 

Serine, 285 

Serous coat of alimentary canal, 400 
Sertoli, cells of, 797 
SERUM, 318-22 
-albumin, 277 
amino-acids of, 288 
in blood-clotting, 317 
precipitation of, 320 
from blood-clot, 314, 320-1 
-globulin, 277 
amino-acids of, 288 
in blood-clotting, 317 
precipitation of, 320 
SEX HORMONES. See Hormones 

hypothalamus and pituitary control, 694 
organs, pituitary on. 783, 786, 787 
secondary cliaracteristics, 805 et sea. 

Sexual desire, 812-13 

Sham rage, 632 . * 

Sharpey, perforating fibres of, 834 
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Spikal Cord. 

Spinal Cox^— continued 
tracts in, cerebellar, 660 
Clarke's column, 660 
Columns of GoU and Burdach, 660 


Lissauer's, 661 n. " 

tracts of, fronto-poutine, 685 
olfactory, 714 
pyramidal, 679 et seq. 
rubro-spinal, 680-1, 685 
sensory, 660 
spino-cerebellar, 691 
^ Spinal nerve roots. See Nerve 
Spinal shock, 693 
Spirometer, 203, 205 
Splanchnic area, definition, 161 
Splanchnics, blood depdt in, 182 
SPLEEN, 182-6 
blood depot, 182-5 > 
control of, 185-6 
emotion on, 172 
functions of, 184-5 
in foetus, 327 
hcemorrhage on, 174 
in starvation, 500 
red cells in, 828 
sinusoids of, 93 
sympathetic supply to, 81 
Spongioplasm, 14 
Spots, sensory, 648-50, 657 
Spread, in conditioned reflexes, 018^ 
of nerve-impulse, 592 
of stimulus, in reflex, 589 
Staircase phenomenon, 24 
of cardiac muscle, 110 
Stamina, 364 

Standing, function of cerebellum in, 687 
oedema during, 190 
Stannius experiment, 108 
Stapedius, 717, 724 
Stapes, 716-17 
STAKCH, 262, 265, 269 
absorption of, 438-9 
calorific value, 348 
formation of maltose from, 268 
hydrolysis of, 472 
intestinal fermentation of, 415 - 
saliva on, 412 

unafiected by gastric juice, 416 
Starling's Law of the Heart, 117^ 
Starvation, 499-501 
ketosis in, 489 
on blood fat, 484 
on fseces, 449 
on liver glycogen, 474 
Status lymphaticus, 792 
Stearin (tristearin), 270, 271 
respiratory quotient, 254 
Stercobilin, 607, 528 
• Stereoscope, 773 

Sterols, 273-5, 381-2, 443, 506, 809, 811 
Stethographs, 202 et seq. 

Stiffness after exercise, cure for, 192 
Stimulation, 16-19 
by slowly interrupted shocks, 164 
chemical, on respiration, 228-9 
of auditory area, 641 
of hypothalamic region, 695 
of mixed ners^e, 164 
of motor area, 634 
of nerve, 61-5 
of sciatic nerve, 164 
of sympathetic, 150 
of third nerve, on pupil, '753 
of vasoconstrictor nerves, 156 et seq» 
of vasodilator nerves, 163-4 
of sensory areas, 637 
of sensory nerves, 158 
sensory, “ conditioned," 171-2 


Sulphur. 

Stimulation — continued 
sensory, on blood sugar, 482 
on blood-vessels,'^ 152 
on denci^^atcd Icidncy, 522 
on effects of vagus section, 234 
on Hcring Breuer reflex, 234 
on spleen, 183 

Stimulus, absolute and .diflcrential threshold, 051 
conditioned and unconditioned, 617 
definition of, 16 
effect of, .on tissues, 16-19 
electrical, 17-19 I 

liminal, 051 

maximal and minimal, 23 
propagation without loss, 10 
strength of, 23 
successive, 23 

repetition of. on reflex, 688 
Stokes' reagent, 339 . ‘ " 

STOMACH, absorption of food in, 437 
action of saliva in, 412 
digestion in, 414-25 
emetics on, 459 
enzymes of, 305 
gastric secretion in, 414-25 
hunger on, 007-8 
movements of, 455-7 
parasympathetic supply to, 82 
post-mortem rigidity, 49 
protection against self-digestion, 418 
structure and function of, 424-5 
vomiting on, 458-9- 
Stomata, of lymphatic system, 188 
" Stone," in urine, 639 
Stratum granulosum, 502 
Stratum lucidum, 502 
Stretching, on involimtary muscle, 10, 48 
Streptococcus, sulphonamidcs on, 513 
Stria) acustica), 726 
Stroma, of ovary, 799 
Strychnine, on glycogen, 474 
on reciprocal contraction, 612 
on reflexes, 591, 615 
on thalamus, 003 

Submucous coat, of alimentary canal, 401 
Substantia gclatinosa, 660 
Substrate, 304 ^ 

Succus entericus, 431-3, 438, 439 
Sucrase^invertase q.v. 

Sucrose (cane sugar), a disaccharidc, 205 
absorption of, 438 
calorific value, 348 
description and chemistry of, 267 
hydrolysis of, 305, 472 
inversion of, by gastric juice, 410 
invertase on, 433 
specificity of enzyme, 300 
SUGAU, 202 ri seq. 

absorption of, 437 
. blood-. See Blood-sugar 
formation of, in diabetes, 483 
in solution, 291 
in saliva, in disease, 413 
in urine, 641 ^ 

estimation of, 546 , 

injecrion of, on hunger contractions, 608 
on tissue fluids, 191 
of eggs, 394 
, of plasma, 321 ' 
on heart action, 125 
reducing, 265 
tolerance, normal, 479 
utilisation of, 473-5 
Sulphates, in urine, 493, 536-7 
Sulphonamidcs, 513 
Sulphur, essential to life, 10 
excretion of, in sweat, 664 
neutral, 536 
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Spiphur. 

S ul phur — cont inucd 
neutral, in urine, 491 
of proteins. 270 rt scq. 

Summation, in conditioned reflexes, 618 
of effects (two successive stimuli), 23 
of stimuli, 24 
on reflexes, 5SS-9 
Sunlight, 379-82 

Superposition (two successive stimuli), 23 
Suprarenal. See Gland, adrenal 
Surface tension, 302-3 
Swallowing. See Deglutition 
SWDAT, 563-6 
composition of, 564 
Sweat glands, innervation of, 565-0 
Sweating, in exercise, 171 
local, 572 

of water and salts in, 549-50 
mental, 505 

nervous mechanisms of, 565-6 
on heat loss, 570 

on osmotic pressure of blood, 196 
on psychogalvanic reflex, 171 
on quantity of urine, 528 
sensible and insensible, 563-4 • 

thermal, 565 
Syraes' cannula, 123 
Sympathetic nervous system, 76 -86 
Sympathin, 07, 80, 781-2 
SYNAPSE(S), defluition of, 52 
in white matter, 623 
neia’e impulse at, OS, 58S 
nicotine on, 79-81, 86 
structure and properties, 591-3 
sympathetic, 77 
SjTiapsis of chromosomes, 803 
Systole, auricular and ventricular, 99-100, 102-3 
extra, 110 

vagus on, 154 ' 

Sj'stolic plateau, 102 


Tabes, See Locomotor ataxia 
Tachypncea, 235 
Talbot's Law, 758 
Tapetum lucidum, 758 
Tannin, 398 
Tarsus, of eyelids, 730 
Taste, 710-12 
-buds, 710-12 
cerebral area, 041 
Taurine, 506 

Taurocholate of sodium, 506 
Tawam, ventricular node of, 109 
Tea, 397-8 

Tears, secretion of, 561, 730-1 
TEETH, 450-1 
calcium on growth of, 374 
carotene on, 381 
phosphorus in formation of, 554 
vitamin D on, 381, 388 

TEMPEllATUllE, adaptation to, physiological 
zero, 654 
body, 567-73 
control of, 694 

external temperature on, 5C8-9 
in starv'ation, 499 
rise of, in exercise, 171 
discriminative sensibility to, 658 
of inspired and expired air, 253 
of blood-vessels, 160 
of skin, 178-9 

• on blood clotting, 315, 316 
on ciliary movement, 7 
on cflicicncy of muscle, 30 
on enzyme action, 307 


TiSSffE. 

Temperature — continued 
on fatigue, 74 
on involuntary muscle, 49 
on muscle contraction, 23 
on muscle relaxation, 32 
on nerve impulse, 62, 68 
on respiration, 235 

on vasodilator and constrictor fibres, 16^ 
optimum, in factories, 75 
■ protective sensibility to, 658 \ 

sensation of, 573 
sensory pathway, 661-2 
Tendo-mucoid, 279 
Tendon organs of Golgi, 647 
Tension, of gases in fluids, 216 et feg. 

Tensor palati, 722 
Tensor tympani, 717, 724 
Terpene alcohol, 274 
TESTES, 796-7 
ducts, ciliary lining of, 6 
in starvation, 500 
internal secretions pf, 805-8 
pituitary control, 813 
Testosterone, 806-7 
TETANUS, 26 

contrasted mth voluntary contraction, 27-8 
current of action (negative variation) in, 30 
genesis of, 67 

impossible in heart-muscle, 110 
monophasic electrical variations in, 37 
of decerebrate rigidity, 602 - 
of involuntary mnscle, 48 
of voluntary muscles, 15 
on annulo-spiral fibres, 647 
on blood-flow, 168-9 
on formation of lactic acid, 249 
Tetany, after extirpation of paratliyroids, 552 
in alkalaemia, 561 
of croup, 240 
result of emotion, 239 
Tetrapeptides, 289 
ThalaTnic-animal, 603 
Thalamus, 622, 663 
optic, 685 

Theca externa and interna, 799 
Theine, 398 
Theobromine, 398 
Therm, 347 n. 

Thermopile, 43 
Thermostromuhr, 161 
Thermotaxic centre, 571. 

Tliiamine, 305, 384 
Thiouracid, 357. 

Thirst, 669 

Thoma-Zeiss hiema cytometer, 325 
Thorax, Intra -thoracic pressure and respiration, 
243-4 
Thought, 620 
Threonine, 497 
Threshold substances, 519 
Throbbing, nature of, 131 
Thrombin (tbrombase), activator of, 306 
catalyst of blood coagulation, 306, 315, 316-18 
formation of, in plasma clot, 321 
Xiirombokinase, 317-18 
Thymine, 280 
Thyroid. See Gland 
Thyrotropic hormone, 788 
Thyroxine, chemistry of, 356-7 
derived from ti^osine, 286, 364, 497 
on red blood-corpuscles, 327 
Timbre, of musical sound, 708, 722 
TISSUE (TISSUES), adipose, 270, 486-7 ‘ 
areolar, 333 

cancellous, of bone, 832 ei seq. 
chromajpliil, of adrenal medulla, 776 
connective, 8-0 
culture, 830 
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TISSUE. 


Tissue — continued. 
excitability of, 16 ei seq, 
extracts, on blood clotting, 317 
fluids, excretion of excess, lOl 
formation of, 187, 190 


. function of, 193-4 
haimorrhage on, 174 
relationship to blood depots, 186 
renewal of, 195 
gaseous exchanges in, 224-5 
^ nutrition of, 126-7 
respiration, 248 et scq. 
spaces, function of, 195-0 
structure and function of, 5 et seq. 
tension of CO3 and O3 in, 227-8 
Tobacco, on autonomic ganglia, 591 

■ Tongue, 710-12 

■ Tonometers, 216 - 

TonsUs, 195, 401 
Tonus, 598-603 

of involuntary muscle, 48,^ 49 
Tooth-pulp, 450 

Topfer’s test for hydrochloric acid, 430 
Touch, discriminative sensibility to, 658 
distinguished from pain, 655 
- velocity of nerve impulse, 08 
sensory pathways, 661 
spots, 648-50 

Toxicity, in food absorption, 438 ' 

Trabeculae, of lymphatic glands, 189 ' 

Trachea, 197-9, 706 
Tracheal murmur, 204 
Tracts of spinal cord, 627 
Training, for ascent to high altitudes, 259 
on circulation, 172 
on dyspnoea, 256 
on efficiency of the heart, 239 
on vagiis restraint, 156 
parasympathetic and sympathetic during, S3 
Trapezium, 726 

Tremor, of hand, in cerebellar disease, 689 
Triacetin, 271 

Trichromater theory of colour vision, 764-5 
Triglycerides, 270 
Triolein. See Olein 
Trioses, 265, 272 
. Tripalmitin, See Palmitin 
Tripeptides, 289 
Tristearin. See Stearin ' 

Trommel’s test for sucrose, 267 
Trophoblast, 822 

TBYPSIK, contrasted with pepsin, 308, 415, 427 
crystalline, 304, 309 
in preparation of insulin, 476 
of pancreatic juice, 426 
on proteins, 282, 305, 427, 439 
reversible action of, 309 
succus entericus on, 431-2 
Trypsinogen, 306,-426, 427, 431-2 . 

Tryptophan, an essential amino-acid, 497, 831 
absent from gelatin, 278, 288 
absent from insulin, 477 
chemistry of, 286 
colour reaction of, 281, 286 
in common proteins (table), 288 
origin of, 447 

Tubes, convoluted seminiferous, 797 • 

Tubes, Fallopian, 802 

Tuber cinereum, control of body temperature, 694 
Tubercle, acoustic, 726 
Tubules, kidney, 514-16 
function of, 519-21 
of testis", 797 
Tumour, cerebral, 636 
of frontal lobe, 642 
Tunica albuginea, 797 
Tunica propria, 607 
Tunica vaginalis, 796 


Urine. 

Tiirck’s method of demonstrating summation of 
chemical stiipuli, 688-9 
Turpentine, excretion of, 641 
Twitch contraction, 22, 28, 36 
never elucidated reflexly, 28 
Tympanum (drum), of ear, 710 
Tyramino, 280 
Tyrodc’s solution, 459, 469 
Tyrosinase, 280 

TYUOSINE, an essential amino-acid, 497-8 
absent from gelatin, 278, 288 
acetone bodies yielded by, 493 
bacterial action on, 447 
chemistry of, 286 

colour reaction on, 281 - 

content of, in selected proteins (tabic), 288 
conversion to adrenaline and melanin, 666 
’ crystals of, 285 

in formation of adrenaline and thyroxine, 280, 
356-7 

in urine, 530, 543 
of pancreatic juice, 427 
origin of, 432 

Tuberculosis, on lymphocytes, 330 
vitamin 0 deficiency in, 386 


U 


Ulcer, gastric, 414-15, 418, 423 . 

importance of physical rest, 168 
TJliima moriens, 107 
Ultra-microscope, 304 

Unconsciousness, from- excessive variation, 649-50 
from iiisulin excess, 477-8 
Uracil, 280 
Urachus, 828 
Urates, 535 

“ brick dust ” deposit in urine, 639-40 
Uncmia, 531-2 
‘UBEA, 30G, 530-2 

ammonia : urea ratio, 629, 532 

and specific dynamic action of protein, 364 

blood-. See Blood urea 


clearance and concentration tests for renal 
efficiency, 623-4 
estimation of, 544-5 
formation of, 491-3, 639 
from arginine, 287 
in acid-hase equilibrium, 560 
in saliva, 413 
in urine, 491 
nitric acid test for, 531 
of cerebro-spinal fluid, 699 
of lymph, 195 
of plasma, 321, 545 
product of protein metabolism, 349 
“ secretion ” of into urine, 519 
sjmthetic, 531 

Urease, crystalline, 304, 309 
Urease method of estimating urea, 544 
Vrina poiws, 529 
Urinary apparatus, 514-27 
Urinary tract, epithelium of, 5 
UEINE, 528-4G 
alkaline tide, 529 
blood-pressure on flow of, 518 
colour and pigments, 528 
composition of, 529-30 
constituents (table), 629-30 
deposits, 538-40 
D : N ratio, 483 
estimations, 544-6 
excretion of lactate, 40, 42 
excretion of lactic acid, 74 ‘ 
excretion of phosphorus, 554 
excretion of vitamins, 384, 385, 386 
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Unn?E, 

Urine — continued 
formation of, 193 
hxmatoporphyrin of, 337 
important data* S45 
in diabetos insipidus, 520 
in diabetes mellitu?, 2CG. 4S3, 520, 532, 541 
. in involution of uterus, 533 
in lactation, 207 
in starvation, 409 
ketosis on, 4SS-9 
masculinizini: substances of, S07 
micturition, 524-7 
nitrogen, carbon, and 'n-atcr of, 472 
sutrstanccs of, SOO 
of infants, 533 
of prcCTiancy, 823 
patholosTJcal, 540-3 
precipitation of phosphates, 533 
premiancy tests, S12, SIC 
products of detoxication in, 512 
products of protein metabolism in, 491, 493 
quantity, 52S 
reaction, 52S-9 
secretion of, 51C-17 
specific pravity, 529, 541 
tests for Inorj’aaic salts, 53S 
tests for pathological constituents, 540-3 
urea concentration and clearance tests, 523-4 
LToOiiin, 507, 523 
Urobilinogen, 523 
Urochromc, 523 
Uro-crythrin, 523, 539 
Urotropine, 545 
Urticaria, 794 
Uterine milk, 821. 822 
UTKKUS, 802 
after parturition, 823-9 
at parturition, 827-9 
ciliary lining of upper, G 
guinea-plg*s, use in standardising drugs, 48 
histamine on, 793 
in pregnancy, 610 
involution of, 823-9 
masculinus, 810 
menstrual cycle on, 81G-17 
ocstrogens on, SIO 
pltuitrin on, 790-1 
post-mortem rigidity, 49 
tonus contraction, 43, 49 
Utricle, COG-7. C03. 718-10 
Uvea, 732, 733 


V 

Vacuoles, of hepatic cells, 504 
Vagina, 802 
VagiiB. See Xcr\’e 
Valine, 235, 497 
Valsalva’s experiment, 245 
VALVK (VALVES), aortic, SS, 13S-9 
auriculo-ventriciilar, 99-101, 104 
bicuspid (mitral), 88, 89 
diseased, on ^vork of heart, 122 
leaky, 87-8 
Eustachian, 83, 825 
of veins, 92-3 
pulmonarjs SS 
and heart sounds, 105 
semi-lunar, 89, 101 
tricuspid, 83 

Van den Bergh reaction, 507-8 
Van Dyke and Hastings solution ([onnula), 400 
Van Slyke’s Aeration method of estimating am- 
monia, 540 

Van Slyke’s method of estimating CO^ in blood 
and plasma^ 214-lC 

Van Slyke’s method of protein analysis, 290 


ViscERAii Later of Pleitra. 


Van’t Hoff’s hypothesis, 298 • 

Vas (ductus) deferens, 797 
ligature of, 805 
Vasa efferent ia, 797 
Vasa vasonim, 120 
Vascular system, important data, 844 
Vasoconstrictor centre, 158-9 
fibres, 159 et seq. 
hicmorrhage on, 159 
normal stimulation of, 159 
sensitivity to arterial pressure, 159 
Vasodilator centre, 159, 163-C 
choline and acetyl-choline^ 794 
nucleic acids on, 490 
stimulation by nerves, 05 
Vasomotor centres, 598 
COj essential for response to posture, 235 
ha;morrhagc on, 174 
perfusion experiments and, 162 
Vegetables, cellulose of, on intestinal movement 
48-9 


green, as adjuncts to food, 398 
iron of, 370 
salt-deficient, 373 
VEINS, 89-90 
blood-prcssurc in, 137 
bronchial, 199 

effect of tying near heart, 95, 96 
functions of, 9 
hepatic, 502-4 

,, in cerebral circulation, 170 
in erectile tissue, 179-80 
inter- and intra -lobular, 503 
Jugular, 187 

venous pulse in, 140 
portal, 502-4 
pulmonary, 199 
stnicture of, 91, 92 
subclavian, 187 
sub-lobular, 503 
umbilical, 825, 82G 
valves of, 92-3 

vasoconstrictor nerv'e supply, 160 
venous pulse and polygraph, 140 
Vena cava, inferior, 87 
blood-pressure in, 137 
ligature of, and oedema, 192 
superior, 87 

Venous obstruction, 255 
Ventilation, 241-2 

positive and negative, on diaphragm, 23 
pulmonary, 228-37 
total, 208 

higher centres on, 236 
Ventricles, of brain. 578, 622 
of heart, 87-9, 139 
of Jarynx, 705 
Venules, 89-90 
of skin, 178-9 
structure of, 91 

Veratrine, on muscle relaxation, 32 
Vermis, GS5, 689 
Vcsiculce seminales, 79S 
Vesicular murmur, 204 
Vestibule, of osseous labyrinth, 718 
Vibration, sensory pathwav, COl 
Vibratory sense, 722 et seq. 

Vicrordt, experiments on blood-precsuie 1 
ViUi, of intestine, 399, 402 
pumping action of, 444, 460. 467 
Villikinin, 460 
Ymlism, 809 
adrenal cortex on, 782-3 
Viscera, afferent fibres from, 85 
sensitivity to stimuli, 85 « 

sympathetic ners’c supplv to, 79 
Visceral layer of pleura, 198 
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Visceroptosis. 


^ sceroptosis, 457 
[ ,i Asibility, limits of, 757 
\ ! tSION, 730-74 * 

! ^ ’after-images, 766 ct seq. ' , 

' binocular, 774 

, brightness and colour contrast, 767-8 
! colour, 764-9 
•' . defective, 764-9 
! ‘ field of, 761-2 
near-point, 746 
j nervous paths, 769-70 
night, 756-7 
panoramic, 639-40 
• ' range of, 746-7 

, simultaneous and successive contrast, 767 
’ stereoscopic, 639-40 
^ visual acuity, 747-8 ^ 

' visual area of cerebral cortex, 639-41 
. visual Judgments, 772-4 
Visual purple, 735, 737-8, 755 ct scq. 

photosensitivity of, 764-5 
. pilocarpine on, 757 
-Visual word centre, 702 
, Vital activity, 299, 439, 444, 519 
jVital capacity, 205 

; Vital' red method of estimating blood volume, 
1 ' 312-13 ' 

'VITAMINS, 377-89 
i and reproduction, 816 
i biological estimation of, 387 
: in common foods (table), 389 
: on growth, 831 
i of fat, 485 

A, 270, 378-9, 831, 842 
on night vision, 757 . 
on reproduction, 816 

B, 831 

; administration after adrenalectomy, 782 
, on bowel tone, 464 
pyrophosphate, 310 
Bi, 382-4 

3*, and flavin complex, 252, 305, 384-5 - 
; V" riboflavin, 310 
Bfl, pyridoxin, 270, 385 
■ C, 327, 385-6 

and flavin complex, 252 
\n . essential for tissue repair, 831 " 
of adrenal cortex, '782 
. r. on fibrous tissue, 8 

n !) (calciferol), 270, 273, 274, 275, 378, 379-82, 831 
3? Tj co-operation with parathyroid, 553 . 
jn absorption of calcium, 551 
, on food absorption, 444 
t on ossification, 841 
' 381 

i - ^81 

1 ;• .3-7 

.li'menopause, 818 
T on reproduction, 816 
Biotin, 387 
: '317, 320, 387 - 

’^sorption of, 510 , * 

. . , formation of fibrinogen, 505 

f t 278, 374, 394 
.Tub ■ 'CS, 283 
Tub* humour, 732, 738 
n Tubi 'Of refraction, 740 
Tub^ fioD, vocal cords in, 707 
Tubu’ ^4-9 
' fui. -on, 704-6- 
' oftu: rds, 705, 700-7 
. Tumou> ‘?05, 706 
'• of frO!: 'ech, 708-9 
I Tunica r '9 

. , Tunica foltaic pile, 33 
• Tunic - •'I, 458-9 


Xylose. 


Vomiting — coatitmeej 
prolonged, 560 
Vowels, 708-9 


W 


Wagner’s hammer, 18 
Walking, optimum rate of, 30 
reflex, 002 

Wallcrian degeneration of nerve, 56 
investigation of O.N.S., 027 
WATER, 291 

absorption in large intestine, 445 
•balance, 547-50 

carriage of intestinal infection by, 446 
external environment of cells, 4 
in diet, 377 

in muscle contraction, 89-42 
in starvation, 499 
** intoxication,” 549-50 
metabolism of, 471 
of areolar tissue, 8 
of cell protoplasm, 3 
of muscle, 46 
of nervous tissues, 57 
of tissue fluid, 187 
on blood-clotting, 316 
on gastric secretion, 437 

-salt balance, hormone of adrenal cortex on, 782 
solution of gases in, 212-13 
source of and loss of in body, 548-9 
vapour, in inspired and expired air, 253 
waste product of muscular work, 9 
Weber’s law, 648, 652 
Wavc(s), dicrotic and anacrotic, 138-40 
on electro-cardiogram, 114 
propagated by nerve impulse, 63-4 
pulse, 138-40 

Weigort’s method of staining, 626, 627 

Wcigcrt-Pal staining, 579 

Weight, appreciation of, GGO 

Wernicke, area of, 703 

Whcaling, 144, 179 

Wheat, constituents of, 396 

Whey, 392 

Vliitc matter, 677-8, 023-5 
of cerebellum, 085 
water content of, 57 
Wliite spot, 733 
Willis, circle of, 176 
Wolffian body, 780 
Word blindness, 702 
Word deafhess, 702 

WORK, muscular, and efficiency of muscle, 29-32 
sympathetic and, 83 
necessity of rest pauses, 74 
of the licart, 122-3 
of voluntary muscles, ,9 
See also Exercise 
Worms, circulatory system in. 97 
Worms, intestinal, 310 
Wounds, vitamin C essential for healing, 380 
Wrisberg, cartilage of, 700 


X 

Xanthine, 321, 427, 495-6 
in muscle, 46 
in urine, 639 

Xantho-proteic reaction, 281 
Xerophthalmia, 379, 388 
Xylose, 439 


The circulatory system consists of the heart, the arteries, or vessels 
which carry the blood from the heart to other parts of the body, the 
veins, or vessels which carry the blood back to the heart again, and the 
capillaries, a network of minute tubes which connect the terminations 
of the smallest arteries to the commencements of the smallest veins. 

The Heart. 

The heart is the great muscular pump of the circulatory system. 
It lies in ^the chest between the right and left lungs, and is 
enclosed in a bag called the pericardium, the function of which 
is discussed later. 

The Chambers of the Heart. — The interior of the heart is 
divided by a longitudinal partition into two muscular cavities, the, 
right and left. Each of these chambers is again subdivided trans- 
versely into an upper and a lower portion, called respectively, 
auricle and ventricle, which, freely communicate one with the, other ; 
the aperture of communication, however, is guarded by valves, so 
disposed as to allow blood to pass freely from the auricle into the 
ventricle, but not in the opposite dkection. There are thus four , 
cavities in the heart — the auricle and ventricle of one side being 
quite separate from those of the other (figs. 40 and 41). ; 

At this stage the student should examine in detail the structure 
of 'the heart of a mammal. If a human heart is not conveniently 
available the heart of a sheep or rabbit, which in all but size is 
almost identical, should be studied. It is best in each instance 
to commence by identifying the thick aorta .which arises from the 
thickest chamber of the heart — the left ventricle— rand to trace the 
course of the blood backwards. " ... 

The chambers of the heart are lined continuously by a thin 
membrane, ihejndocardium , which is continuous with the endothelial 
lining of the blbod-vesselsl 

The right auricle is a thin- walled cavity, prolonged at . one 
corner into a tongue-shaped portion, the right auricular appendix. 
Into -it open the superior and inferior vense cayse, or great veins, 
which convey the blood from all parts of the body to the heart. “ 'The 
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considerably thicker and stronger than the tricuspid, in accordance 
with the greater force which it is called upon to resist. 

The semilundv valves guard the 6rific,es..-of the pulmonary artery 
and of. the aorta. They, are nearly alike on the two sides of the 
heart ; but the aortic valves are more strongly constructed than the 
pulmonary valves, in accordance with the greater pressure which 
they h ave t o withstand. Each valve consists of three parts which 
are of semiluiiar shape, the convex margin of each being attached to 
a fibrous ring at the place of junction of the artery to the ventricle, 
and the concave or nearly straight border being free, so as to form 
a little pouch like a watch-pocket (fig. 40). In the centre of 
the free edge of the pouch, which, contains a fine cord of fibrous 
tissue, is a small fibrous nodule, the corpus Ardntii, and from this and 
from the attached border fine fibres extend into every part of the 
mid-substance of the valve, except a small lunated area just within 
the free edge, on each side of the corpus Arantii. Here the valve is 
thinnest, and composed of little more than the endocardium. . Thus 
constructed and attached, the three [ semilunar pouches are placed 
aide by side round the arterial orifice of each ventricle; they are 
separated by the blood passing out of the ventricle, but immediately • 
afterwards are pressed together . so as to prevent any return. 
Opposite each of the semilunar cusps, both in the aorta and 
pulmonary artery, there is a bulging outwards of the wall of the 
vessel : these bulgings are called the sinuses of Valsalva. Erom two 
of these sinuses just behind the aortic cusps open the coronary 
arteries which supply blood_^to the heart during its'relaxed phase. 


Course of the Circulation. 

The blood is conveyed away from the left ventricle (as in the 
diagram, fig. 41) and has the following courses, heart — ^ arteries, 
— arterioles, — capillaries, — ^ venules — veins — > heart. 

From the right auricle the blood passes to the right ventricle, then 
by the pulmonary artery, which divides into two, one for each lung, 
then through the pulmonary capillaries, and through the pulmonary 
veins, (two from each lung) to the left auyicle. From here it passes 
into the left ventricle, which brings us back to our starting 
place. , 

The complete circulation is thus made up of “two circuits, the one, 
a shorter circuit from the right side of the heart to the lungs and 
back again to the left side of the heart ; the other and longer circuit, 
from'lhe left side of the heart to all parts of the body and back, 
again to the "right side. The circulations through the lungs and 
through the system generally are respectively named the Pulmonary 
and Systemic or lesser scadL greater circidations. It will be' noticed 
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also in the same figure that a portion of the stream of blood having 
been diverted once into the capillaries of the intestinal canal, and 
some other abdominal organs, and gathered up again into a single 
stream, is a second time divided in its passage through the liver, 
before it finally reaches the heart and completes a revolution. This 
subordinate stream through the liver is called the Portal, circulation. 
A somewhat similar accessory circulation is that through the kidneys, 
called the Renal,, circulation. The difference of colours in fig. 41 
indicates roughly the difference between arterial and venous blood 



The blood is oxygenated in the lungs, and the forniation of oxy.-., 
hsemoglobin gives to the blood a bright red colour. This oxygenated 
or arterial blood (contained in the pulmonary veins, the left side of 
the heart, and systemic arteries) is in part reduced in the tissues, 
and the deoxygenated htemoglobin is darker in tint than the oxy- 
hsemoglobin ; this venous blood passes by the systemic veins to the 
right side of the heart and thence by the pulmonary artery to the 
lungs, where it once move receives a fresh supply of oxygen. 

It should, however, be noted that the lungs, like the rest of the body, are 
also supplied with arterial blood, which reaches them by the bronchial arteries. 
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The Structure of the Vessels in Relation to 
their Function. 

The vascular system is lined throughout by a layer of elongated 
pavement cells known as endothelium. The cells of this layer 
contain relatively large quantities of 
lipoid material which probably has 
important physiological functions. 

Friction is reduced to a minimum 
and the blood corpuscles slip- easily 
along its surface. If it is broken it 
heals rapidly ; at the broken point a 
blood clot commonly occurs. As we 
shall see, the capillaries are composed • 
of endothelium only, with a few 
scattered cells on the outside, but 
the larger vessels have several coats 
according to their needs. Muscle of 
the un striped variety is added to 
give contractility so that the vessel 
may change its calibre. Elastic 
tissue gives , additional elasticity, 
while strands of fibrous tissue confer 
strength to ttie whole and makes' 
vessels capable of withstanding pres- 
sures of over 30Q millimetres of 
mercury in certain' circumstances. 

Arteries of various sizes vary in 
their structure. The muscular coats 
are best seen in those smaller vessels 
which change their calibre, while 
elastic _ tissue preponderates in the 
large arteries where, as we shall see, 
it is so important for the maintenance 
of the blood-pressure while the heart ’ 
is filling. ‘A thin layer of elastic tissue 
usually supports the endothelial 
lining. Arterioles are especially 
muscular. 

The veins, in which the blood- 
pressure is much lower, have much thiimer walls than the correspond- 
ing arteries.' On the whole they contain less elastic and inuscular 
tissue but often relatively more fibrous tissue. The veins near the 
heart have well-marked circular muscle, while in those in the bones 
and central nervous system there is none. VenuleS-are more inuscular 
than.veins. 



Fio« 42. — Transverae. aection through a 
small artery and vein of the mucous 
membrane of a child's epiglottis ; the 
artery is thick-walled and the vein thin- 
walled. A. Artery, the letter is placed 
in the lumen of the vessel. Endo- 
thelial cells with nuclei clearly visible ; 
- ' these cells appear very thick from the 
contracted state of the vessel. Outside 
them a. double wavy line marks the 
elastic layer of the tunica intima. tn. 
Tunica media, consisting of unstriped 
muscle fibres circularly arranged ; their 
nuclei are well seen, a, Part of the 
tunica adventitia showing bundles of 
connective-tissue fibre in section, with 
the circular nuclei of the connective- 
tissue corpuscles. This coat gradually 
merges into the surrounding connective 
tissue. V. In the lumen of the vein. 
The other letters are used as in the 
arte^.. The muscular coat of the vein 
(m) is seen to be much thinner than 
that of the artery, x 350. (Klein 
and Noble Smith.) 
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THE CIRCULATION 

Previous to the time of Harvey (1628), the vaguest notions pre- 
vailed regarding. the'use and movements of the blood. The arteries were 
supposed by some to contain air, because when an animal is killed, 
they are usually found to he empty, their spasm at death having 
driven the blood into the veins. It was imagined that the air got 
into the arteries from the lungs and supplied vital spirit to the 
body. The brain, on the other hand, supphed animal spirit. 

There was an idea that the blood was subject to a to-and-fro 
movement which was confined to the veins. The proofs that the 
movement is in a circle were discovered by Wilham Harvey, to 
whom also belongs the credit of pointing out the methods by which 
almost* every physiological problem must be studied. In the first 
place there must be correct anatomical knowledge, and in the second 
there must be experiment, by which deductions from structure can 
be tested; this second method is the more important of the two. 
Harvey’s work on the circulation fulfilled both these requirements. 

Harvey studied at Cambridge and Padua but became physician 
to King Charles I, and to St Bartholomew’s Hospital, London. 

The structural or anatomical facts on which he relied were : — 

A, The existence of two .distinct sets of tubes in connection with 
the heart ; the arteries and the veins. 

B. The existence in the heart, and also in the veins, of valves 
which allow the passage of the blood in one direction only. ' 

His experimental findings were: — - 

1. That the blood spurts with great force and in a jerky manner 
from an artery opened during life, each jerk corresponding with a 
beat of the heart. 

2. That if the large veins near the heart are' tied, the heart 
becomes pale, flaccid, and bloodless, and on removal of the ligature 
blood again flows into the heart. 

3. If the aorta is tied, the heart becomes distended. with blood, 
and cannot empty itself until the ligature is removed. 

4. The preceding experiments were performed on animals, but by 
the following experiment he showed that the circulation is a fact in 
man also ; if a ligature is drawn tightly round a limb to compress 
the artery to the part no blood can enter it, and it becomes pale 
and cold. If the ligature is relaxed so that only the veins are 
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compressed blood can enter but cannot leave and the limb becomes 
swoUen. If the ligature is removed, the limb soon regains its normal 
appearance. 

5. Harvey also measured the amount of blood which the heart 
could hold and the total amount in the body. He reasoned that in 
order to make it possible for the heart to pump out such an amount 
at each beat the same blood must be used over and over again. 

^6. If an artery is, wounded, haemorrhage may be stopped by 
pressure applied between the heart and the wound ; but if the wound 
is in a vein, the pressure must be applied beyond the seat of injury. 

Since Harvey’s time many other proofs have accumulated. Tor 
instance : — 


Perhaps the most satisfactory proof of the circulation is one now 
within the reach of every student, though beyond that of Harvey. 
It consists in actually seeing the passage of the blood from small 
arteries through capillaries into, veins in the transparent parts of 
animals, such as the tail of a tadpole or the web of a frog’s foot. 
Harvey could not follow this part of the circulation, for he had no 
' lenses sufficiently powerful to enable him to see it. Harvey’s idea 
of the circulation here was that the arteries carried the blood to the 
tissues, which he considered to be of the nature of a sponge, and the 
veins collected the blood again, much in the same way as drainage 
pipes would collect the .water of a swamp. The discovery that the 
ends of the arteries are connected to the beginnings of veins by a 
definite system . of small tubes we now call capillaries was made 
by Malpighi, in the year 1661. He first observed them in the lung of 
the frog, and Leeuwenhoek, seven years later, saw the circulation in 
the tail of a tadpole. 

The student is referred to a small book on the subject by Singer, 
which gives a convenient summary of the 
ancient views. 

The Principle of the Circulation. — 

The simplest possible way in which we can 
represent the circulatory system is shown in 
fig. 48. Suppose we had a ring of tubjng 
with a bulb (H) which could be compressed 
by hand. If the apparatus were filled with 
fluid and the bulb compressed there would 
be a to-and-fro movement of the fluid. The 
presence of valves, however, which permit 
the flow in one direction only would convert 
the flow into a circulation as illustrated in 
the figure. If the contraction and relaxation of the bulb which 
corresponds to the heart were repeated often enough the fluid would 
move round and round within the tubular ring. 



Fia. -18.— Simple model of the 
circulation. 
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The_maia_factor,.ia-‘the. circuiatioiL. is-difference-of.-pressure. In 
general terms fluid flows from points of high pressure to those of 
lower pressure. This difierence of pressure is produced in the first 
instance by the contraction of the heart, but we shall find in our 
study of the vessels that some of this pressure is stored up in the 
.elastic arterial walls, the recoil of which keeps up the circulation 
during the periods when the heart is resting. 

In worms the circulatory system is almost as simple as in the 
model just described ; the heart is a long contractile tube provided 



Pio. 49.— The heart of a frog (Hana eaculenta) 
from the front. V, ventricle; Ad^ right 
auricle; .4s, left auricle; bulbus arteri- 
osus, dividing into right and left aortse. 
(Ecker.) 



Fi^ 50, — Diagram of frog heart. 

V = ventricle, A = auricle, 

S = sinus, O.A.* = bulbus 
arteriosus from which the 
aorta originates. Between 
the sinus and the auricle the 
sino -auricular junction is 
indicated by the dotted line. -v 


with valves;. along it a wave of contraction passes and presses the 
blood forwards into the aorta at its ventral end; this divides into 
arteries for the supply of the body; the blood passes through these 
to capillaries, and is collected by veins which converge to one or two 
main trunks that enter the heart at its dorsal end. 

In fishes the heart is divided into a number of chambers placed 
in single file, one in front of the other. 

Taking the frog as an instance of an amphibian, we find the 
heart more complex, and the simple action of the heart muscle, as 
we have described it in the hearts of worm and fish, is corre- 
spondingly modified. There is only one ventricle, but there are 
two auricles, right and left. 

The ventricle contains mixed blood, since it receives arterial 

' , D 
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blood from the left auricle (wliich is the smaller of the two), and 
venous blood from the right auricle; the right auricle receives the 
venous blood from the sinus, which in turn receives it from the 
systemic veins. The left aiu’icle, as in man, receives the blood from 
the pulmonary veins. 

When the ventricle contracts, it forces the blood onward into 
the aortic bulb which- divides into branches on each side for the 
supply of the head (fig. 49, 1), lungs and skin (fig. 49, 3), and the 
third branch (fig. 49, 2), unites with its fellow of the opposite side 
to form the thoracic aorta for the supply of the rest of the body. 

In reptiles the division of the ventricle into two is beginning, 
but it is not complete till we reach the birds. The heart reaches 
its fullest development in mammals, and we have already described 
the human as an example of the mammalian heart. The sinus is 
not present as a distinct chamber in the mammalian heart (except 
in a very early foetal stage), but is represented by that portion of the 
right auricle at which the large veins enter. 



CHAPTEE XII 

. - PHYSIOLOGY OF THE HEAET 

-^The Cardiac Cycle 

^The series of changes which occurs in the heart constitutes the 
. mrdiac cycle. This must he distinguished from the course of the 
circulation. The term “cycle” indicates that if one observes the 
- heart at any particular moment, the heart from that moment 

■ onwards undergoes certain changes until it once more assumes 
the same condition that it had at the moment when the obser- 
vation commenced, when the cycle is again repeated, and so 
on. . This series of changes consists of alternate contraction and 
relaxation. Contraction is known as systole, and relaxation as 
diastole. 

The contraction of the two auricles takes place simultaneously, 

■ and constitutes the auricular systole ; this is followed by the simul- 
taneous contraction of the two ventricles, ventricular systole ; after 
each systole the auricles and ventricles relax or go into diastole 
in the same order. The auricular diastole begins before ventricular 
systole is over and is followed by ventricular diastole. The cycle 
again commences with the auricular systole. 

Taking 72 as an average number of heart-beats per minute, each , 
cycle will occupy yV of a minute, or a little more tha n 0*8 of a 1 
. jecn nd This may be approximately distributed in the 'following 

■ ,.o 

Auricular systole . about 0*05 + Auricular diastole . 0*75 = 0*8 | 

. * Ventricular systole . ,, 0*3 + Ventricular diastole . 0*5 = 0*8 

■ If the speed of the heart is quickened, the time occupied by 
each cycle is diminished, but the diminution affects chiefly the 
diastole, .These different parts of the cycle must next be studied in 
detail 

..^W'icular Diastole. — ^During this time, the blood from the large 
veins is flowing into the auricles, the pressure in the veins though 
very low being greater than that in the empty auricles. The 
blood expands the auricles. As soon, however, as the auriculo- 
ventricular valves open the blood passes through into the ventricles. 
These valves open as soon as the pressure in the auricles becomes 
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greater than that in the ventricles, that is at the beginning of 
ventricular diastole. 

\ Auricular Systole. — B y contra ctiiig.^th e auricles em pty them- 
: j selves into the ventricles which are alread y full. The contraction 
' * 'commences at the entrance of the great veins, and is thence pro- 
,• pagated towards the auricido-ventricular opening. Begurgitation 
into the veins is prevented, not by valves, but by; t he co ntraction 
j of the_ m.uscle. around-the-venous. inlets. 

Ventricular Diastole. — During the last part of the auricular diastole, 
and the whole of the auricular systole, the ventricles are relaxed 
and then filled with blood. The dilatation of the ventricles is 
brought about in virtue of their elasticity and by the pressure 
of the venous blood. 

Ventricular Systole. — This is the contraction of the ventricles, 
and it occupies more time than the auricular systole ; when 
it occurs the auriculo-ventricular valves are closed and prevent 
regurgitation into the auricles, and when the force of the systole is 
great enough, the pressure within the ventricles exceeds that in the 
large arteries which originate from them ; the semihmar valves are 
opened, and the ventricles empty themselves, the left into the aorta, 
the right into the pulmonary artery. 


■^'/Action of the Valves. and Pilling of the Heart. 

1. The ventricles are filled by the pressure of the blood in the 
veins and the fluid ejected from the auricles during their systole 
I causes slight additional distension of the ventricles. 

The auricles are therefore' to be looked upon as accessory , to 
ventricular filling, but not essential. In cardiac disease, e.g. 
auricular fibrillation, the auricles cease to act normally and ven- 
tricular filling depends solely on venous pressure. It is important to 
• observe that the main fillin g of the ventricles takes place in the 
; .^hird of di astolQ . See volume curves of heart, fig. 52. The auriculo- 
*. ventricutar ~v^es are gradually brought into place by eddies and by 
blood getting behind the cusps and lifting them up; by the time 
diastole is complete ^jthe-valves- are— in~ap.po3ition.„and .are fl’:i^y" 
^se(l_J?y._the...pi:e3sure„_s^t_ up^^Jby^ the_systole ..of the . ventricl es. . 
■'The margins of the cusps of "the valves are still more secured in 
apposition to one another by the simultaneous contraction of the 
musculi papillares, whose chordie tendinese have a special mode of 
attachment for this object. The cusps of the auriculo-ventricular 
valves meet not by theh edges only, but also by the opposed surfaces 
of their tliin free borders. 


CII. XII.] 


ENDOCABDIAC PKBSSTJKE 


101 


The contraction of the papillary muscles fo the tip of which are 
attached the chordae tendinese prevents the auriculo- ventricular valves 
being pressed back into theiauricles when the ventricles contract. 

2. The Seinih(,nar Valves . — The first result of the contraction of 
the ventricles is the closure of the auriculo-ventricular valves, and 
as soon as this has been effected the intraventricular pressure begins 
to rise. It quickly reaches a point at which it equals the aortic 
pressure, and then exceeds it, and as soon as this pressure difference 
has been established the aortic valves axe opened and blood flows 
from the ventricle into the aorta. The valves are, kept open as long 
as the intraventricular pressure exceeds the aortic. As soon as the 
heart has emptied itself, the ventricle begins to relax. The valves 
tend to fall into position \because of eddies set up by the outrushing 
blood,) and,) as soon as the pressure in the ventricles falls below the 
pressure in the aorta they are closed sharply. 


Relations of ^the Events of the Cardiac Cycle. 



. These have been studied by investigating the changes in pressure 
inside the heart (endocardiac pressure) and the changes in the 
volume of the organ. A tube or sound is passed into the part of 
the heart concerned. For the right side of the heart it may be 
passed down the jugular vein. 

Eecords may be taken by connecting the sound to a manometer 
on the principle of Marey’s tambour but of stouter material. 
The Hurthle or Gadd manometer has a moving membrane of 
thick rubber or metal respectively so that it responds rapidly. In 
each instance the recording apparatus is connected to the sound by 
tubing'.filled with anticoagulant fluid as in recording blood-pressure. 

By far the most accurate results, however, are obtained by 
connecting the cardiac cavity by means of a tube with an optical 
recorder instead of a tambour bearing a lever. Eecorders for 
the purpose were introduced by Frank, elaborated by Piper 
and more recently by Wiggers, Professor of Physiology in Western 
■Eeserve University, IJ.S.A. In this apparatus a small rubber 
membrane is stretched over the end of a tube with a flattened 
side. - On the membrane next the flattened side is attached a mirror 
. from which a beam of light is reflected (fig. 51). The movements 
of the beam are recorded on a moving photo^aphic film, as in_ the 
electrocardiograph. The apparatus is standardised by attaching it to 
an ordinary U.-t^be mercury manometer and noting the extent of 
the movement of the beam when the pressure in the system is 
- changed a known amount. A record taken by an optical recorder 
is shown in fig- 52, and from such observations the following phases 
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of the cardiac cycle have been determined by Piper and by Wiggers. 
The actual times need not be committed to memory, but the causes 
of each change of pressure should be noted. 

(1) Auricular systole 0’05 sec., diastole 0’76. 

(2) Ventricular systole. Total duration 0"33 to 0’23 sec. according 
to the rate of the heart (i-iii in fig. 52). The period between ii and 
HI is known as systolic plateau. 



During the first part of the systole the ventricle is a closed 
cavity and for this period Wiggers uses the term I sometri c Phase.*. 
In the second part blood is expelled into the aorta CElection Phasj). 

(3) Ventricular diastole. There are two distinct phases of 
ventricular diastole (ni-i). In the first, the ventricle does not fiU 
and in the second it does. 

(а) Early diastole (iii-iv), from the beginning of relaxation till 
closure of aortic valves and during isometric relaxation in- which 
the ventricle is again a closed cavity, i.e. before the auriculo- 
ventricular valves open. 

(б) The remainder and most important part of diastole is divided 
into two phases (iv-v and v-vi) during which the inflow is rapid and 
slow respectively. At the end of the slow phase (V-vi) the contraction 
of the auricle occurs which hastens the last part of diastolic filling 
of the ventricle. 

The total length of diastole varies very much according to the 
rate of the heart. The important point, however, must be noted 
that the main filling of the heart occurs during the first third 
(iv-v) of diastole and that consequently a shortening of diastole 

* So called because the ventricular ' muscle develops tension but has not 
shortened. 
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which may occur' between Y and vi does not materially affect the 
total filling. 




early diastole; IV-V, penoa or rapia innow ; v-vi, penou siuw luuuw. xuo 
record has been taken by means of a cardiometer (see fig. 60) attacked to an optical 
recorder. Some similar records such as those taken by Piper sho%Y a small change between 
III and IV which corresponds to the closure of the aortic valves. The dotted lines indicate 
the radial and jugular pulses and the electro-cardiogram. 


Intra-Auriciilar Pressure. 

The chief interest in this pressure lies in the fact that thejchauges... 
which occur in the auricle are similar: JoJh ose which ^ appearjg^ a 
'TFetrcnd^of''’^^ pulse (p. 1-fI) cxceptThat in the auricular record 
"£Ke^a*ves^'C'our^elfflier in the cardiac cycle. The changes which take 
place are discussed in relation to the venous pulse. 

The actual pressure in the auricles , is not normally in excess 
of 5 mm. Hg. This indicates the enormous effect which a leaky 
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mitral valve must have, since the systolic pressure in the left 
ventricle varies commonly from about 120 mm. during rest to abo ut' 
200 mm. Hi; during exer c ise . The systolic pressure in the riglit 
ventncIels~about a quarter of that in the left. 

. ; The Sounds of the Heart. 

When the ear is placed over the region of the heart, ’two sounds 
which follow in quick succession, and are succeeded by a pause or 
period of silence, may be heard at every beat of the heart. The 
Jirst or systolic sound is dull and_ prolonged ; its commencement 
coincides with the impact of the heart’against the chest wall, and 
it lasts during the greater part of the ventricular systole; it 
just precedes the pulse at the wrist. The second or diastolic sound 
is shprter mid sharper, with a somewhat flapping character ; it 
follows the end of ventricular systole, and is audible just after the 
radial pulse is felt. The sounds are often compared to the syllables, 
luhb — dUp. 

Causes. — First Soitnd — Two factors enter into the production of 
tliis sound : the muscular contraction of the heart, and the closure 
of the auriculb-ventricular valv'esi The following facts are evidence 
that—the”' muscular ~'cdhtracti6ns are concerned : (1) the sound 
resembles that produced by a contracting voluntary muscle ; (2) the 
sound may be heard when the heart is empty, as in the excised 
heart. With regard to (1): although the cardiac contraction is a 
twitch and that of voluntary muscle normally a tetanus, it must 
be borne in mind that unequal , tension repeatedly set up in the 
intricately interlaced fibres of the ventricular wall would lead to 
the production of a sound. It is important, however, to realise that 
even the valvular element in the sound depends on the muscular 
contraction, since the latter is indipctly responsible for the closure 
of the valves. ' The loudness of the first so und isftherefore * to some 
e xten t an indication of the fitness of the heart-muscle an d it^ 
enfeeblement may indicate approac hing heart_ failure, e.p,..in_ fever., •• 

The cause of the second sound is simpler and consists entirely 
of, the vibration consequent on the sudden stretching of the semi- 
lunar valves' when'they are pressed down across the orifices of the 
aorta and pulmonary artery. The influence of these valves in 
producing the sound was first demonstrated by Hope, who experi- 
mented with the "hearts of calves. In these experiments two delicate 
curved needles were inserted, one into the aorta, and another into 
the pulmonary artery, below the line of attachment of the seniilimar 
valves, and, after being carried upwards about half an inch, were 
brought out again through the coats of the respective vessels, so 
that in each vessel one valve was included between the arterial 
walls and the wire. Upon applying the stethoscope to the vessels 
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after such an operation, the second sound ceased to be audible. 
Disease of these valves, when sufficient to interfere with their 
efficient action, also demonstrates the same fact by modifying the 
second sound or destroying its distinctness. The d%p becomes 

The lou dnes s of the s eco nd sound,.depend8i on the height of the'u...-<^’ 
artenal..pressure, but like that of the first sound it may be masked f 
by a thick chest wall. 

The^ contraction of the auricles is inaudible. 

X-The first sound is heard most distinctly at the apex-beat in the .y\, >, .i 
.-fifth interspace.; the second sound is best heard over the second nght ‘ 
costal._ca”rtilage — that is, the place where the aorta lies'ffieafest to 
the surface, ^he pulmonary and aortic valves generally close simul- 
taneously. some cases, however, the aortic may close slightly 
before the pulmonary valves, giving rise to a “reduplicated second 
sound.” The pulmonary contribution to this sound is best heard over 
the eecond-Z^LcostaL cartilage. ]! 

>.,>The apex-beat in man is felt normally in the fi fth left intercosta l 
s pace three and a half inches f rom the middle "line. Itis caused 
Dv two factors. The heart become "3 hard and~t^ieand is ther efore Qj) 
capable of causing an impulse~against the cEesFwull. its aftacli- 
ment to the aorta becomes more rigid, and when the aortic pressure 
suddenly rises during systole the aorta, tending to straighte n out, 
causes the heart to press more firmTy against the thoracic~"^lly'the 
aorta cannot straighten to any extent in a backward direction 
because of the rigid vertebral column behind it. 

When the left ventricle is enlarged the apex-beat may be I 
displaced appreciably downwards and to the left. H 

•r^^^^ardiograpbs. 

A cardiograph is an instrument for obtaining a graphic record 
of the heart’s movements. In aninials the heart may be exposed, 



and levers connected to its various parts may- be- employed to 
write on a revolving- blackened surface. 

A simple instrument for the frog’s heart is shown in fig. 53. 
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The stemiim of the pithed frog ha\’ing been removed, the peri- 
cardium opened, and the frjBnum (a small band from the back of 
the heart to the pericardium) divided, the heart is pulled through 
the opening, a minute hook placed in its apex, and this is fixed 
by a thread to a lever which records, as in the figure. The wave 
of contraction starts at the sinus, this is followed by the auricular 
systole, and later, by the ventricular systole and 'pause. An actual 
record is seen later in fig. 55. 

A number of cardiographs have been devised for recording the 
beat of the human heart at its apex. Since the information obtained 
from the use of such apparatus is little more than that from the 
pulse they have been given up. 


The Cause of the Heart-Beat. 

At one time the rhythm which cardiac muscle exhibits was 
thought to be due to the action of the nerves which supply it. We 
now know that the property of rhythmical contraction resides in 
muscular tissue itself, though during life it is normally controlled 
and regulated by its nerves. This is expressed by saying that 
cardiac rhythm is myogenic not neuro geni c. A few physiologists 
still maintain the older neurogenic theory, but the majority of them 
have" worked chiefly on the hearts of invertebrate animals, whose 
mechanism may be a different one. The striking observation made 
by early observers that the heart, especially an amphibian heart, will 
continue to beat after its removal from the body, is not proof either 
way as such a heart still contains many nervous structures. A 
mammalian heart will beat only for a few minutes outside the body 
unless supplied with blood or a substitute. But so far as the 
vertebrate heart is concerned, the myogenic theory is now held, 
because: (1) the foetal heart manifests rhythm long before any 
nerves reach it; (2) the apex of the ventricle of such animals as 
frogs and tortoises can be made to beat rhythmically by perfusing it 
with suitable fluids under pressure, and this part of the heart has 
few nerves and no ganglion eells ; and (3) the rate of conduction of 
the excitation is slow, and corresponds to the rate^of muscular rather 
than of nervous conduction. 

Conduction in the Heart. T i' ; Y . - ' ' ' 

As already stated, the slow rate of propagation of the excitation- 
wave points to its travelling by a muscular rather than a nervous 
pathway, and histology supports this view, the muscle-fibres being 
connected to each other by intercellular bridges of protoplasm (see 
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p. 50). Experimental proof may be obtained in the following way: 
-A strip of the heart-wall is taken and several cuts going nearly 
completely across if are made first from one side then from the 
other. All the nerves must be cut through at least once, so that 
the only tissue not severed is muscular. The strip still continues 
to beat. In other words, the propagation is myodromic. The 
passage of the wave from one chamber to another'iFEQso^yodromic. 
The slow rate of propagation indicates that this is so, and the view 
has. been fully proved by the discovery of muscular strands, passing 
across from one chamber to the next. 

In the frog under normal conditions the wave of contraction 
in the heart starts at the sinus, and travels over - the auricles to the 
ventricle ; the irritability of the muscle and the powe r:.oL.rhythmic' 
c ontract iJ^Y are greaj;est,in_the.AuiU3.ies s in the a uricles^and still les^s 
an the ventricle . Under ordinary conditions the apical’ portion of 
the ventricle exhibits very slight power of spontaneous contraction. 
The importance of the sinus as the starting-point of the contraction 
can be shown by warming it. If a frog’s heart is warmed by bathing' 
it in warm salt solution at about body temperature, it beats faster ; 
this is due to the sinus starting a larger number of excitatory waves 
in a given time ; this may be demonstrated by warming locahsed , 
portions of the heart by a small heated rod; if the sinus is warmed ’ 
the heart beats faster, but if the auricles or ventricle are warmed 
there is no alteration in the heart’s rate. The sinus in the frog’s ' 
heart, and that portion of the right auricle in the mammal’s heart 
which corresponds to the sinus, are always the last parts of the 
heart to cease beating at death, or after removal from the body 
(ultima moriens, ^Harvey). This is an additional proof of the 
supenoFrEytEmical power which the sinus possesses, but this powe r 
^s possessed by,. alLcardiac muscle _to a le^erjdegi^. 

^'*^ TnU the’" frog’s heart there is an" obvious muscular connection 
between the auricles and ventricle along which the impulses pass. 
By an arrangement of ligatures, or, better, of clamps, one part of 
the heart may be isolated from the rest, and the contraction may 
be made to stop in the portion of the heart muscle in which 
it begins. It must not, however, be thought that the wave of 
contraction is incapable of passing over the heart in -any other 
direction than from the sinus onwards ; for it has been shown that 
by the application of appropriate stimuli at appropriate instants, 
the natural sequence of beats may be reversed, and the contraction 
starting at the arterial part of the* ventricle may pass to the 
auricles and then to the sinus. If clamps or ligatures are not 
applied sufficiently tightly one often sees partial blocking; a few 
waves get through but not all; or, if the ventricular wall is left 
connected with other parts of the heart by only a small portion of 
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undivided muscular tissue, the effect is much the same : the wave is 
only able to pass the block every second or third beat. 

In the well-known Slannius experiment a ligature is tied between 
the sinus and the auricles, and causes the auricles and ventricle to 
__ stop heating since the impulse can no longer pass from the one to 
f the other. This is known as the Stannius heart. A second ligature, 
however, between the auricles and ventricle causes the ventricle to 
(•', recommence beating at its own slow rate. The second ligature 
" apparently acts as a mechanical stimulus by stretching -the fibres, 
since a similar effect may he brought about by increasing the 
weight of the cardiographic lever or by injecting fluid through the 
aorta (IVIichael Eoster). Section has a similar stimulating effect. 
Gaskell carried out similar experiments using a clamp instead of 
a first ligature. 

In the mammal the foetal remnant of the sinus is called the 
•' sino-auricular node (Keith and Flack), and this acts as the pace- 
maker since its cells have a remarkable power of rhythmically dis- 
charging impulses. It is situated in the upper part of the sulcus 
; terminalis- near (in front) the entrance' of the siiperibf vena cavaf 
If this part of the auricle“is“ heated 'or cooled the heart-rate_may 
be increased or decreased, but similar treatment of other parts of 
the heart does not produce this effect. It was indeed this fact 
which led to the discovery of the node! "That the excitation-wave 
commences at the sino-auricular node has been fully demonstrated 
by Lewis by means of the string galvanometer which records the 
current of action of the heart. By placing electrodes on different 
parts of the heart he has showm that the electrical change occurs first 
at the node. 

The starting-point in our knowledge of spread of the excitation- 
wave to the ventricle in the mammal was the discovery by Stanley 
Kent of bauds of peculiar tissue passing across from auricles to 
ventricles. The principal one was subsequently and independently 
rediscovered and fuUy described by His, and is known as the 
auriculo - ventricular bundle or bundle of His. Some animals, 
especially when young, have relics' of 'a right lateral bundle (Kent). 
' The aurieulo-ventricular bundle arises from the ^riculo- ventricular 
; node which is situated in the right auricle just in front' of the 
' coronary sinus. It runs forward in the lower part of the inter- 
auricular sep tum to reach the membranous portion of the in ter- 
ventricul ar sep tum behind the tncifspicl valve; here it courses 
along the upper border of the muscular part of the septum 
ventriculorum. The bundle divides' into two main branches, right 
and left, one for each ventricle, that for the' left penetrating the 
, septum. The main juanches-continue-towards -the -apex, -branching 
as they go; their ramifications are connected with the network 
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of Purkinje fibres beneath, the endocardium, which network is in 
turn connected with the main mass of ventricular muscle. Thev 
nodes and bundle are composed of \ modified muscle -fihres. inter- ^ 
mingled with which are many non-me3ullated nerve-fihresT'and are f 
enclosed in a connective tissue 'sheath;' they receive blood by special;; 
arteries. The bundle is particularly rich in glycogen. There is no ' 
special strand connecting the sino-auricular. and auriculo-ventricular 
nodes ; the wave of excitation initiated in the former spreads from 
it through the auricular muscle until it reaches the latter. The cells 
of the Pm’kinje tissue are peculiar in being striated only at their 
margins. They are large clear quadrangular cells with a granular 
protoplasm containing several nuclei, while the fibrillar continuity 
between the different, cells is particularly well marked. 

The conclusion that the auriculo-ventricular bundle is the 
important link which propagates the rhythmic wave was reached 
first by experiments on animals, and second, by’ observations in 
disease in man. In animals, cutting through the bundle abolishes 
the ordmary sequence of cardiac events. The auricles go on beating 
as a result of the stimulus of the node, but the ventricles beat at a 
slower rhythm. The stimulus for' the ventricle is partly the rising'^ 
venous pressure. ■ 

v?'! When the bundle is destroyed by disease in man there is a 
similar dissociation between the auricular and ventricular rhythm, the 
ventricles beating slowly and the auricles rapidly. This condition is 
known as heart-block, and in the early stages of the disease may 
be incomplete ; then one out of every two or three auricular waves 
gets over to the ventricle, just as it does in Gaskell’s experi- 
ments on the frog’s heart when the clamp is not sufficiently tight. 

Such observations throw a good deal of light on the propagation • 
of the normal heart- wave. The view generally held is that the!i 
wave starts in the sino-auricular node, and spreads thence to both p 
auricles ; it is picked up by the yentri cnlarJ-ode-iiLTawara and U 
travels to the ventricles by the auriculo-ventricular bundle, reachiag |-! 
first the papillary muscles, and thence the rest of the heart until 
it arriyes at the apex ; finally it returns to the base of the heart 
in the region of the origi n of the pulmQiiarY-.Rrtery,_which_is._the 
r epresentati ve _QTthe-buIbus..aort8e in thg_ pri mitive heark 




~'T7- 




The Histology of Cardiac Muscle. 

This h^heen referred to on page 50. The important point , 
to emphasise is the intimate ^connection of all cardiac mus^qle, cells f 
with each .other., , This produces a syncytium which 'ac'ts as a' whole.* I .. 

* It seems probable that this syncytium is not so complete in the mammal as in 
the frog, for it has been found that a part of the heart may not contract if a branch 
of the auriculo-ventricular bundle is injured. . 
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'■7< The Properties of Cardiac Muscle. ^,| 

1. Rhythmicity is a fundamental' property of the cells oi 
cardiac muscle', and may be observed in a single cell when the 
cell has been grown outside the body in tissue culture (Carrel). 

2. The fact that the Stannius heart is quiescent has enabled 
physiologists to study the properties of heart muscle. When the 
heart has been stopped for a little while and is stimulated artificiallj 
it shows a staircase phenomenon; that is to say, with the savu 

^strength of stimulus the first few contractions increase in size 
This is the same as the “warming up” effect seen in voluntary 



Fio. 54.— Staircase from frog*s heart. This was obtained from a Stannius preparation ; an inductior 
shock being sent into it with every revolution of the cylinder (rapid rate). The contractlouj 
became larger with every beat. To be read from right to left. 


muscle, but in the heart it is better marked. It must not be 
confused with increased contraction in striped muscle due tc 
increased strength of stimulus. 

. 3. The “all or none” phenomenon. — -By this is meant the fact 
that the amount of contraction does not vary vyith the strength hf 
the stimulus. .A stimulus strong enough to produce a contraction 
causes a maximum contraction, because as we have seen the cells of 
cardiac muscle are not separate like those of voluntary muscle, but 
ai;e all linked together and act as, a single muscle-fibre. 

'7^4. Refractory Period. — jThe heart-muscle has a long refractory 
'period ; that is to say, after ' the application of a stimulus, a second 
stimulus will not cause a second contraction until after the lapse 
of a certain interval. The refractory period lasts as long as the 
contraction period, and this account the heart-muscle can never 
be thrown into complete tetanus by a series of stimulations.! The 
refractory period .can also be shown in a normally beating heart. 
If the heart is stimuIatecLduxing_sy.sJiQlq_na.change,is_Qbseryed,, but 
J ifjj he stimu lus is applied. during diastole, an extra systole is pro duced'- 
If the normal stimulus from the auricle reaches the ventricle during 
this extra systole, it produces no effect and the heart appears to 
have missed a beat. This is known as the comjoensatory pause (fig. 55). 
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Missetl beats in man are commonly due to similar extra systoles 
which may he too small to be felt at the pulse but which may be 
heard by the stethoscope or demonstrated by the electro-cardiograph. 
The beat following the extra systole may be unduly large since the 
^ heart is filled with extra blood during the prolonged diastole. 

importance of the refractory period becomes apparent ■when, 
for one reason or another, a source of stimulation occurs in the 
heart in addition, to the normal sinus beat. Whether or not this 
extra stimulus will excite the heart depends on the excitability of 
the heart at the time such a stimulus arrives. Sometimes sudh 



Fig. 65.— Record of frog’s heart. For convenience the points of stimulation (shown by numbers) are 
shovni in consecutive heart-beats, but this would scarcely be possible in an actual experiment. 
(See text.) The normal stimulus of the sinus to the auricle is shown at A. 


extra stimuli cause the auricle to contract either at great speeds 
or very irregularly. These ‘conditions are respectively known as 


apricular flutter and auricular fibrillation and are important clinical 


conditions. ‘ “5 'T";' 

Auricular nutter is A very rapic 

■ U ‘ i.* ‘ f\ f) 


K Auricular Flutter.. ^ P L 




rnicn.aepends on t 


Cj-A. Auricular flutter is A very rapiHcoritractioi^pf the auricle wKiclTdepends on iHe^ 
'properties of cardiac muscle. o{J^ 

If a ring (fig. '56 A) of cardiac muscle is stimulated by an induction shock at a, 
the wave of excitation started there travels in the direction of the two arrows until 


they meet at 6 (B, C, D in figure), and when the two crests meet the whole ring is 
\ in the contracted state (dark shading). While it is contracted ^it is irresponsive 
\ to a second stimulus (refracto^ period). It then recovers in the same order and 
j direction as shown in E, F, (j, H, until the whole ring is once more responsive 
*1 as shown by the absence of shading. If successive stimuli are applied, each 
' one ^viU elicit the same train of events, provided the time between the stimuli is 
i sufficiently long for recovery to take place. If a second stimulus occurs when 
the ring is in the state F, a fresh wave may be propagated at a, before the 
> I' response to the first stimulus has subsided at 6. In* these circumstances two 
\/ waves will be moving through the ring as shown in fig. 57, 1, J, K. ^Suppose 
i next that the successive stimuli are thrown in at smaller intervals, the second 



wave may start well enough at a, and travels at first freely in both directions 
as before, but if recovery in the two halves of the ring is different, in one half 
the wave reaches a point where the muscle is still refractory and so stops, but in 
the other half complete recovery may have occurred ; this wave will go on, and be 
able to get all the way round the ring, for by the time it arrives at the point which 
■ stopped the first wave, refractoriness will have disappeared there ; this single wave 
gets back to its starting-point, finds this muscle has also recovered and continues 
its course round and round the ring, a wave which has no ending. In this way the 
last stimulus of a series, the rate of which is carefully controlled, will initiate not 
a single contraction but a series of contractions. This is what is, called circus 
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movement, a wave of resj)onse which travels continuously through a re-entrant 
path of muscle. It may in experiments last for hours. The rate of auricular 
jluiUr in man, as it is called, may rise to 230 to 250 per minute.' In the more 
serious state of hbrillaUon the rate may be*~much greater; The value of the 
experimental circus movement is that it enables one to investigate the meaning i 
of circus movement in disease;- j 

Flutter is„due to continuously circulating waves, 'vvith centrifugal offshoots into \ 




Fig. SG.—Tho ring experiment. (After Lewis.) 


the rest of the cardiac tissue, and in man it- has been seen to continue imceasingly 
for many years. In order that the wave may be continuous, and always find the 
muscle it enters in the responsive state, the duration of the refractory period at 
any given point must always be less than the time spent by the travelling wave in 
completing its circuit, and this time will depend on two other factors, namely, the 
length of the circuit and the rate of travel,^ ^ Treatment of the condition of flutter 




' con^ts^iiT adrainistwn^ a drug wfiicli^ffcreases rate of*^"con2uccidn and ' 
the duration of the refractory phase so that the muscle has not yet recovered its 
excitability by the time the excitation arrives. The drug which has so far been 
found most satisfiictor 3 t/is ouinidine., „ / , . r>,~. , / 

Axiricular Jih'Ul^ion & conAition of the auricles arising from 
severe~'damage‘~to' the auricular muscle in which its ordinary 
rhythmical contractions are replaced hy grossly irregular and fibrillar 
contractions pf individual or groups of fibres. The auricles cease to 
function and the ventricles are filled solely as a result of the venous 
pressure. The au jicular--irxegulaiitvJ.eada-tp,- gr eat ir regularity of I 
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fibril Latiouif^^Tl^i^ i^_y^5i?5iP^ifelQl.with life and 
" occu^ co^nionly at the point of death.,. In this condition the 
ventricle instead of contracting as a whole contracts and twitches 

slcctric curr^Bt. XmnisdiartG cardiac massage or the. injection of 
calcium and potassium may bring about recovery in some instances 
if the damage is not too severe.^ (>1 ;<f , 

The Blectro-Oardiogram.- 

■ ^Tbe muscular tissue of the heart gives rise on action to' an 
.. .electrical disturbance which is in all essential features the same 
as' the diphasic variation we have abeady studied in connection 
with voluntary muscle. The excised beating heart of a frog can 
be readily connected either to a galvanometer or an electrometer; 
a simple diphasic, variation is recorded. 

It is, however, possible (as Waller first demonstrated) to obtain 
an electro-cardiogram in man if each hand is placed in a basin 
of salt solution connected to an electrometer. 

Since the heart-muscle is not a simple longitudinal strip like 
a sartorius there is great complexity in the electrical record of the 
• intact organ. Thus Bayliss and Starling described in the mammalian 
heart a triphasic variati on, which Gotch has shown to be explicable 
in the following way. leaving out of account complications due to 
auricular activity, he has shown that the contraction process in each 
ventricle and its electrical concomitant commence at that part of 
the base of the ventricle at which it is continuous with its respective 
• . auricle ; the contraction- wave travels to . the apex and returns to the 
part of the base from which the aorta on one side and the pulmonary 
artery on the other side arise. An electrode placed on the base 
will therefore record the increased galvanometric negativity at the 
beginning and at the end of the ventricular contraction ; the electrode 
' on the apex will record the middle phase when the contraction-wave 
reaches that point and causes an increase of galvanometric negativity 
there. _ • 

Eecords are usually taken with the string galvanometer but an- 
oscillometer may be used. In electro-cardiography (fig. S3) the 
electrodes consist of vessels of saline solution into which the hand^ 
or foot is placed and in each of which there is a zinc electrode in al- 
porous p ot of zinc sulphate. Such an electrode prevents'p'dtaxisationi' 
i.,.' -Xsee p. SSfer^InTliiinicsl worlo^t X.s ^pu^toffi^yy....lp.-take..^ records, 
from Athree^. different,, source,s ory'^^ads.*'^ Lead i 




^ of . the . 

two'liandg;' lead II of the right ]iand, an.^leXt ^gc^tAa^al le'ad), and'^ 
lead III of the left hand and left focm TheEifferenf leads furnish . 
information .on the comparative actiyity of the two.sides'bf the heart. 
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: From what has been said in relation to conduction in the heart, 
we are in a position to understand the causation of the individual 
waves) The size of each, varies considerably even in health, but in 
- heart disease the electro-cardiogram shows very marked differences 
. from the normal. 

The waves on the electro-cardiogram are explained as follows. 

3 'The wave P, due to auricular activity, is followed by a pause’.' 
before the waves which accompany ventricular systole occur. During' 
this pause it is supposed that the excitatory-wave is travelling along: 
the auriculo-ventricular bundle, the mass of which is too small to! , 
affect the galvanometer. The remaining waves accompany ventric-: 
ular activity ; the final wave T indicates the arrival of the contraction- 


T.’/ioSecs. 0 2 4 6 8 10 . 



Fio. 53.— Electrocardiogram obtained by photographing the movements of the thread of a string 
galvanometer. The electrodes were connected to two vessels of salt solution, in one of which * 
the right hand of a man was placed ; this would lead oif the base of the heart : in the other his left 
foot was placed ; this would lead off the apex of the heart. W aves u pwards Indicjite that the base 
is ~galvanometrijcally_iicgatlve to the „apex;-„ down ward, waves have'^^the" opposito'^m^nfiig, 
Wave P accompanies auricular 'systole; waves Q, R, 8, and T occur daring ventricular systole. 
The tlmc*tracing (T) shows tenths of a second. 


wave at the base. Different observers differ greatly in their 
interpretations of the waves Q, E, S. 

According to Lewis, the excitation-wave starts in the septum 
) of the ventricles, travels down this to the apex, and from the latter 
i up the lateral wall to the base. Throughout this passage the 
electrical axis constantly changes, and it is this change which 
is responsible for the complexity of the electro-cardiogram. The 
deflection K represents the negativity of the lead from the right 
upper limb; tins is produced not by activity of the base, but by 
the active process passing down the septum before there is activity 
either at apex or base ; the deflection S is produced after the active 
change has finished in the septum and at the apex, that is to say, it 
is produced by activity at the base. 'iYet this deflection S represents 
relative negativity of the lead from the left lower limb.^ 

An important feature of the electro-cardiogram m that it gives 
definite information regarding the rate of the auricle compared with 
tliat of the ventricle, and the time taken for the impulse to pass 
down the auriculo-ventricular, bundle, as indicated by the PE 
interval The polygraph (see p. 140) is used for a similar purpose. 
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,\^Prequency of the Heart’s Action. 

The^ heart of a healthy adult at- rest contracts SO to 80 times 
in a minute ; but many circumstances cause tMs^ rate to vary even 
in health. . The chief are age, temperament, se^ food' and drink, 
exercise, time of day, posture, atmospheric pressure, temperature. 



Fio. 59. — Knowlton-Starling heart-lung apparatus (after Hemingway). AC, arterial cannula; 
air-chamber, to give elasticity; H, heating apparatus; O, outlet for determination 
of output (when deterihining output this clip is opened for a given time and outlet to 
venous reservoir closed); P, to pressure-bottle; R, peripheral resistance (dotted line 
shows position during increased resistance); VC, venous cannula; VR, venous' reservoir; 
VP, manometer to record venous pressure (regulated by screw clip on tube from reservoir) ; 
AP, manometer to record arterial pressure. 


In regard to other animals than man, it may be stated generally 
that the smaller the animal the more rapid the heart-rate since the 
metabolic rate in small animals is much greater than in large animals. 
(See Metabolism.) , ' . 

The frequency of the heart’s action gradually diminishes from the . 

commencement to near the end of life^thus : — 

. t< 

Before birth the average number 
of pulsations per minute is ISoT 

. Just after birth ; . frohrldO to 120 


During the first year . .. 130. to 115 

During the second year 115 Jo 100 


About the seventh year . from 90 to 85 
About the fourteenth 
year , . . . 85»to 80 

In adult age . . . 80 to 50' 

In old age . . . „ 70 to 60 
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In health there is a uniform relation between the frequency of the 
heart-beats and of the respirations ; the proportion being 1 respiration 
to 4 or. 5 beats. The same relation is generally maintamed when 
the action of the heart is naturally accelerated, as after food or 
exercise; but in disease this ratio may be upset. The„rate,pf the 


heart depends on the pace-maker, which, as we shall see later, may 
vary its activity especially in relation to exercise, t , 

*\ ‘Cl.- ^ ^ 

’ The Output of the Heart. . C: '] , 

It is evident that the output of the heart is of the utmost import-^ 
ance in maintaining the circulation. Since the output of the hearti^^'" 
indicates the rate of the circulation and is presumably determined ‘ - 


by the needs of the body in relation to the supply of oxygen, its 
estimation, if a convenient and trustworthy means could be found 


suitable for man, might be of value -in determining not only The 


needs but also the adaptation of the circulation in pathological 
conditions. . 


Several methods for the investigation of the cardiac output of 
animals have been devised, but in actual practice . only a few have 
been generally retained. * " 

The Ileari-Lxing Preyaration (Knowlton and Starling). — This 
method consists essentially of cutting out the systemic circulation by 
joining a branch of the aorta to the superior vena cava, aU the other 
systemic arteries and veins being tied off. In this way all possible 
variables outside the heart may be accurately, controlled. In order 
to prevent the blood flowing with abnormal freedom from the artery 
to the vein and to maintain a< pressure in the system (see Blood- 
Pressure), an artificial variable resistance in the form of a readily 
compressible tube is introduced, while elasticity is also given to the 
artificial system — to simulate natural conditions. The output of the 
heart may readily be measured by allowing the blood to collect for 
a measured period of time in a cylinder beyond the resistance. A 
diagram of the apparatus is shown in fig. 59. 

The value of this method lies in the fact that the filling of 
the heart and the peripheral resistance can be controlled. It gives 
therefore valuable information reprarding the heart isolated from the 
rest of the body. 

Cardiometer Method . — In the intact circulation the method which 


is adopted is that introduced by Eoy. The heart is placed in 
an air-tight chamber connected with a piston recorder (fig. 60). 
During diastole the heart takes up more space and a corresponding 
amount of air is driven into the recorder. . The recorder is standardised 


subsequently by running fluid into it from a burette and a measure 
is thereby obtained of the output per beat. By counting the beats 
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and multiplying the number by t_% output, per beat we find the 
out put' per minute (fig. 61). — * 

'^.^The method is of special ^ value in ascertaining whether or not 
a change in. arterial pressure, say, due to a drug, is due to a change 
in the output of the heart. 

In this way it can be demonstrated that the output of tho hoart 
d^ends primarily on the venous inflow, -i.e. the amount of blood 
entering the heart in diastole, and that, quite apart from changes 
in rate, the heart is able to vary its output, and the work it does 
according to requirements. This it does in vii’tue of. the fact 



Fio, 60. — Uardiometer— composed of piston recorder (Kills) and heart chamber. The 
chamber is made of glass. One opening leads to the recorder and the heart is inserted into 
the other. In some forms the latter has a thin rubber diaphragm which has a hole in the 
centre and which fits accurately round the base of the heart, but in other forms the heart 
tits into a thin rubber sheath (as shown) which does not impede its action. For longer 
records the rubber is perforated at the apex and the chamber has an inferior opening by 
which pericardial fluid may be drained away (Hemingway). 

that the £rrea ter the initial length of th e— fibres, i.e. the greater 
the filling7'' ^Iie~mbre forcible their_ _c.Qntraction. This has been 
called by Starling (1918) the _.Law- of the Heart, but it is applicable | 
to muscle generally. Starling was Professor of , Physiology. . at. 
University College, LpndomX; ■ . ' . • • 

'"UjA. rise in blood-pressm’e^vithin normal liudts caused by increasing 
the resistance (E in fig. 59) makes no difference to the output except 
for a few beats. At first the heart fails to drive out its contents 
adequately, but if the venous infiow is maintained this is added to 
the retained blood to distend the ventricles which consequently 
contract more forcibly and overcome the resistance.. This is an 
-important provision in the mechanism of the heart since there is 
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Fiq. 61. — A record showing the effect of the venous pressure on the output of the heart. A raising 
of the venous pressure causes a marked increase in the output per beat and per minute.. 
fSeo text.) The upper tracing is a cardiometer record, the lower a record of venous pressure 
in a heart-lung preparation (by Hemingway). To study the rate of change in the heart- 
volume during a single beat an optical record is necessary. 


an increased resistance during exercise when it is important that 
the output should be maintained or increased. 

The rate of the heart makes no difference to the output if the 
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venous inflow is low ; but if this is reasonably high, as it usually is 

• in the body, a change in the rate modifles the output. The reason 
for this is as -follows : The heart increases its rate by shortening 
diastole, but it is< evident that such shortening may have the effect 
of decreasing the time for filling. "When the venous 'inflow is low, 
or the heart-rate very fast, this is -actually so, with the result that, 
although there may be an increased number of beats, the output per 
beat may be diminished and the output per minute may therefore 
be unchanged or even reduced. On the other hand, when the venous 
inflow is of normal amount, the heart fills in the early part of 
diastole and a shortening of the latter does not therefore seriously 
reduce the filling per beat. Since the output per beat is unchanged, 
an increased rate increases the output per minute. These facts may 
readily be demonstrated in an animal. If the blood-pressure is 
recorded and the rate of the heart varied by heating the pace-maker, 
a rise of blood-pressure results. On the other hand, if the animal 
is bled sufficiently (a procedure which, for reasons described later, 
lowers the venous pressure) such a variation of the heart-rate makes 
no difference to the blood-pressure. 

These facts can, however, really be inferred from a study of 
the volume ichanges. in the heart taken by means of a cardiometer 
(fig. 60). In the intact animal it is evident that the venous 
inflow will depend on the venous return. This is discussed 
later. 

These facts have a considerable practical importance since 
in disease such as hyperthyroidism the heart-rate may reach 

• 180 per minute. It has been found that the diastolic volume 

of the heart begins to decrease slightly at 80 per minute, but the 
increased rate maintains the output until 120 is reached. In 
exercise the reduction of diastolic volume is prevented by the 
increased venous return which .pc^c^rs ea,tL- |ihe same time as the 
car^ac acceleratioii. M ’-fl'-'O, 

^ .'In Tn ^n it is 'obvious that such methods cannot be used and, 
'unfortunately, no convenient trustworthy method is yet available, 
Probably the method of Douglas and Priestley is the best.. The • c.- 

amount o'f carbon dioxide in 100 c.c. of venous blood is estimated 
and compared with that in 100 c.c. of arterial blood. The difference, 
normally about 4 c.c., is that lost by 100_c^. in passing through the 
lungs when the bodyTi^aFsucE^resTaR^ obtainable under experi- 
ment. By finding the total amount of carbon dioxide given off in 
a given time, we can arrive at the number of c.c. of blood which 
must have passed through the lungs to have lost this amount of 
COg. This amount really represents the output of the right ventricle, 
which is the same as'lliiat of the left. For example, if a man gives 
off 225 c.c. of carbon dioxide per minute and each 4 c.c. is given off 
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in the lungs by 100 c.c. of blood, then 5625 c.c. of blood per minute 
must have flowed through the lungs. -The difficulty in the method 
lies in obtaining a sample of mixed venous blood. - ' This is necessary 
as the venous blood from different parts of the body contains different 
amounts of carbon dioxide and oxygen.; In animals a sample of the 
mixed venous blood may be obtained by a needle plunged into the 
right ventricle, but in man this is not generally risked, although it 
has been done in Germany. Good results have, however, been 
obtained by passing a catheter down the jugular vein to the right 
auricle (Pdchards and others). This appears to be a safe procedure. 

/ Another and more usual method of obtaining the COg content of 
the mixed venous blood in man is indirect and described in relation 
to Eespiration. , 

- A rough estimate of the cardiac output can also be obtained 
from our knowledge of the oxygen content of the mixed, venous 
blood by finding the amount of oxygen taken in by the limgs 
per minute and calculating the amount of blood which must have 
passed through the lungs to have taken up this amount of oxygen 
(Fick). In this calculation it is assumed that in 'order to convert 
the mixed venous blood into arterial bloqd ^5-.5 c.c. Q£ -f H w: gp .n_sbnffirl 
betaken up by 100 c.c. of blood. Several other methods depend 
on asimilar hick principle 'buFam abnormal gas is used, kg. nitrous 
oxide (Krogh), ethyl iodide (Henderson), of which the solubility in 
blood is known. 

In a fasting man at rest the cardiac output, i.e. of each 
ventricle, is estimated at about 3 to 5 litres per minute, but in 
^ severe exercise it may be increased to over 30 litres per minute — 
>'a"mo8t remarkable performance for such a small organ. 

(';\^^The output of the heart is increased when food is taken and 
^may be doubled by a heavy meal. 

The output of the heart it is obvious must, other factors being 
eq^l, depend on the efficiency of the heart as a muscular pump.' 

The power of the heart to increase its output is called the cardiac 
• reserve, and is of considerable clinical importance. It is appreci- 
ably reduced in cardiac disease because some of the reserve is utilised 
in overcoming the pathological defect, e.g. disease of a valve, or of the 
. cardiac muscle; less is therefore available for exercise, and symptoms 
! of cardiac impairment, e.g. breathlessness on slight effort, are produced. 
In severe cases all the reserve is used-up and exercisers impossible, 
jin less, severe cases the amount of exercise which can be done 
' without discomfort is a measure of the cardiac efficiency. 

In addition to this immediate power of adapting itself to require- 
ments, the heart, like any other muscle, undergoes considerable 
hypertrophy (increase , of muscular substance) if increased work is 
done' for a considerable time. This is of great importance in practical 
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medicine, since in valvular disease of the heart, when a valve is 
leaking oivobstructed, the efficiency of the'heart depends on its power 
to compensate in this way. 

The hypertrophied cardiac muscle if healthy continues to be 
capable of driving oift the contents of the ventricles in spite of the 
failure of the valves — provided this is not . too great' and time is 
allowed for the muscle to adapt itself to the extra work. 

In conclusion, it may be pointed out that the mere determination 
of the output of the heart gives very little exact information regarding 
the cause of any change in blood-pressure such as might be produced 
by a drug, as the output depends on two_.factors,.-the., venous, filling 
and the cardiac efficien cy, each of which may vary independently. 
Thus a diminished output of the heart might be produced by a drug 
which increased the capacity of the circulation, lowered the venous 
pressure, and reduced the cardiac filling.;' ;'' 


The Pericardium. 


This we have seen is a sac enclosing the heart. The pericardium 
consists of two layers, one fibrous and one serous. The inner 
seroua layer becomes continuous with the serous covering of the 
heart or epicardium^; the outer fibrous layer of the pericardium is 
attached below to the diaphragm, the partition between the thorax 
and the abdomen. The sac formed by the junction of the serous 
layer of the pericardium and the epicardium contains just enough 
lymph (pericardial fluid) to lubricate the two surfaces and enable 
them to glide over each other smoothly during the movements 
of the heart. The presence of numerous elastic fibres in the 
epicardium enables it to follow without hindrance the changing 
shape of the heart itself ; but the parietal layer of the pericardium, 
surrounded as it is by a fibrous layer (fibrous pericardium), appears 
to be inextensible, and so limits the dilatation of the heart. - Its 
obvious function is to prevent over-distension of the heart , since 
if the organ is filled beyond a certain limit its fibres will act 
at less mechanical advantages ; but since it has been found, post 
mortem, that the pericardium may have been absent or seriously 
ruptured without serious symptoms before death, it has been 
suggested that its function is to prevent the heart from changing ( 
jits position with changes in p osture. It has Been ■ s'IIown~by 
fBiljsma, however, that the pericardium plays.an important, part„,in 
’limiting the size of the heart and in, preventing ..it , from,, being, 
over-distended Tin . exercise. He has shown that the response to 
increased filling is diminished if the pericardium is removed.* 


C 


‘ * If on the other hand the pressure in the pericardium is very slightly increased 

a serious interference with cardiac filling occurs and may result in death in man. 
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"When the cardiac valves are diseased and the heart becomes 
enlarged the pericardium ' necessarily enlarges also as a , result of 
sustained stretching. 

Work and Gaseous Exchanges of the Heart.-^^ 

f The heart’s work, consists in discharging blood against pressure. 

■i and in imparting velocity to it. The former will clearly depend 
' on the output of the heart and on the various factors which influence 
blood-pressure, the latter on the blood-pressure. Without going into 
the somewhat elaborate calculations obtained from these and other 
data, it will be sufficient to say that of the_ tot§.l^ energy of the . 
heart is used in imparting velocity to'^he^^hldodTtut when the blood 
reaches the aorta the velocity is so checked that the kinetic energy 
of the blood in the aorta is only about of the total imparted by 
the heart. 

It will be observed tha.t_the_work-done... by. the^ right. side. of the 
h eart i s very much less than that done by the left, but when there 
is disease of the mitral valve the right ventricle is increased in 
size, and its work approximates that of the left. 

On the work of the heart depends its gaseous exchange. 

Gaseous Exchanges in the Heart . — The using up of oxygen by 
the’ living heart was well illustrated by an old experiment of .. 
Yeo’s. He passed a weak solution of oxyhsemoglobin through the 
excised beating heart of a frog, and found that after it had passed 
through the heart, the solution became less oxygenated and venous 
in colour. 

This is stiU better shown by Barcroft and Dixon who estimated 
the gases in the blood entering and leaving the coronary vessels of 
a cat. It was found that the metabolism in the heart tissue was 
reduced during vagus inhibition ; this was followed by increased 
metabolism during the subsequent period, which corresponds to the 
increase of visible activity which then occurs. Similar results were 
obtained by Lovatt Evans on - the heart-lung preparation of the 
* dog. He found that the oxygen usage was varied with the output 
j of the heart and the diastolic blood-pressure against which it had 
I to be expelled, i.e. the work done by the hea^ 

It is possible by studying its gaseous exchange to arrive at an 
idea of the efficiency of. the heart. This has been done by Evans 
on the heart-lung preparation. It has been shown that the oxygen 
consumption of the heart bears a direct relationship to its diastolic 
volume, that is, with a constant heart-rate the oxygen consumption 
may be increased by merely increasing the filling. There is, however, 
a point of maximum efficiency beyond which the oxygen consumption 
rises out of proportion to the output. 
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Since, as is evident foom the experiment quoted above, a change 
in the heart-rate affects its oxygen consumption, it is of interest 
to renaark that there is evidence which indicates that it is more 
economical for the heart to increase its output per minute by 
greater work' per beat than by an increased rate. This fact illustrates 
the importance of the nervous cardio-inhibitory mechanism, which 
prevents the heart from beating any faster than is necessary for a 
given-inflow. 

* . - The Nutrition of the Heart. 

In the lower vertebrates, e.g. the "frog, the heart is nqurished 
directly from the blood passing through it, but from the reptiles 



onwards there is developed a special blood-supply in the form of 
the coronary vessels. 

Ligature of the coronary arteries causes almost immediate death; 
the heart," deprived of its normal blohd-supply, beats irregularly, goes 
into fibrillary .twitchings, and then ceases to contract altogether. 

' If a frog’s heart is simply excised and allowed to remain without 
being fed, it ceases to beat after a time varying from a few minutes 
to an hour or so. But if it is fed with a nutritive fluid, it will 
continue to beat for many hours. Drugs may be added to the 
perfusion fluid, and their effects noted. The fluid may be passed 
through the heart. The frog’s heart, it should be remembered, 
possesses no coronary vessels ; the spongy- texture of- the- cardiac tissue 
enables' it td" take up what it requires from the blood in its 'interior. 
The fliiid may be caused to flow into the heart from the aorta or the 
vena cava and a record taken from the apex in the usual way. 

A simple method is that of Symes, in which the heart is made 
to move a lever, by ^ means of a hook in the apex ; in this case the 
cannula is a simple one and is introduced into the auricle. 

The best nutritive fluid to employ is undoubtedly the natural 
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fluid, the blood. But in order to use blood there are practical 
difficulties ; it is difficult, for instance, to obtain much blood from a 
frog; it is difficult to prevent it from clotting, and if agents are 
added to check clotting, such agents usually act deleteriously on the 
cardiac tissue. The blood of another animal may not be altogether 
innocuous, and this is specially the case if that blood has been pre- 
’idously whipped, and the fibrin removed. It was, however, found 
I by Einger that a solution of the inorganic salts of sodium, caleiiun, 

I and potassium in the proportions occurfing.'ih'the blood will maintain 
' canliac activity for a long time without the addition of any' organic 
^ material (This is known as Ringer’s solution.) These sa lts 

are n ot nutr itiYe_in_._the_atriat sensfi,„iiut_-they_con3tituta_the 

stimulus for t he heart’s acti on. Howell has shown that such an 
inorganic~rnixture is especiall^fficacious in throwing the sinus or 
venous end of the heart into rhythmical action. The norma! 
stimulus for the starting of the heart-beat is thus to be sought in 
! the mineral constituents of the blood. These mineral compounds in 
I solution are broken up into their constituent ions; and of these, 
snr^yn-innR—ftrp— thft- TnnRt potent in m aintaining the conditio ns 
that lead to irritability a nd contractility. A solution of pure sodium 
cUbfide, however,” finally throws the heart into a condition of 
relaxation; and it is necessary to mix with it small amounts of 
calcium-ions to restrain this effect. Potassium is not absolutely 
necessary, but it favours relaxation during diastole. Calcium, ”bii' 
the other hand, is the element which produces and is necessary for 
contraction, and if present alone or in excess, will produce an 
extreme contraction known as calcium rigor. . . 

The Excised Mammalian Heart. — The mammalian heart can 
'"'also be kept alive and active after it. has been excised. Its usefulness 
not only in reference to the metabolism occurring during normal 

- cardiac activity but also from the pharmacological point of view, is 
obvious. 

In order to maintain the action of the excised mammalian heart, 

- certain precautions must be taken — 

1. The perfusion fluid must be at or about body tempera- 
ture (37"-39° C.). 

2. It must circulate through the coronary vessels. 

3. It must be well oxygenated. 

As before, living blood is the ideal fluid for perfusion, but the 
practical difficulties in its use are so great, that a modification of 
Ringer’s fluid is usually employed. On this fluid the heart will 
continue to beat for many hours, but it will beat longer (sometimes 
several days) if a little glucose is added to the solution. We owe 
this modified fluid, and the oxygenation alluded to above, to Locke ; 
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the perfusion fluid now universally employed is called Ringer- 
Locke’s solution and has the following composition : — 


Pure distilled water * 
Sodium chloride . 
Potassium chloride 
Calcium chloride 
Sodium bicai’bonate 
Glucose . 


100 C.C. 

0‘9 gi'amme 
0-042 „ 


0-024 




0-02 


it 


0-1 


» 


Locke investigated other sugars besides glucose, but no other 



Fig. 03.— Apparatus for porfusion of tlie mammalian heart. Warmed perfusion fluid is poured through 
F into the large glass flask, oxygenated by bubbling oxygen ^through it from O and kept warm 
by the water- bath hetited by the lamp H. A t^o passes through the corlc 0 in the bottoms of 
the flask and bath and conveys tbe fluid to the h^rt. B, which is outside the bath, indicates 
conveniently the amount of fluid in the flask when the clip is opened. T = theivnometer. 
L = writing lever applied to drum. 

has the same favourable effect; fructose is better than most other 
. sugars, but not nearly so, good as glucose. ■ 

* Freedom from metals and distillable products is essential. 
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A mammal such as a cat* or rabbit is killed by bleeding or 
pithing. The heart enclosed in the pericardium is quickly cut out, 
and gently kneaded to free it from blood in some warm Locke’s 
solution. The pericardium is then dissected off, and a cannula tied 
into the aorta ; this is connected to a burette which is kept full of 
Locke’s solution. The solution is maintained at body temperature 
by a warm water-jacket, and is well oxygenated by letting oxygen 
bubble through it. The fluid is then allowed to flow; its pressure 
closes the aortic valves, and so the fluid enters the coronary arteries, 
and escapes from the right auricle, which should be freely opened. 
Under these conditions the heart will continue to. beat for many 
hours. A graphic record may be obtained by putting a small hook 
into the apex, and attaching this by a thread to a recording lever 
beneath it. A very good illuatration of the usefulness of the method 
for demonstrating the action of drugs consists in adding a small 
amount of chloroform to the circiilating fluid: one notices its 
immediate depressant effect; on the other hand, a minute dose of 
adrenaline markedly increases the rate and force of the heart. 

The Coronary Circulation. — The heart normally is noiu'ished 
by blood which supplies its muscle by way of the coronary arteries. 
This circulation is dealt with later. 


The Nutrition of Blood-Vessels and of Tissues generally. 

The smaller blood-vessels are nourished directly by their 
contents but the larger vessels with thick walls have minute 
vessels running into their substance. These are known as the 

"'"“TTOarhas been said of the heart pertains also to blood-vessels. 
In order to keep blood-vessels alive after the animal has died, and 
in a state to respond to drugs, they must be bathed in some such 
solution as Kinger’s. For most purposes a fluid containing about 
a quarter the calcium in Einger’s solution gives good results. Kings 
may be cut from a large vessel and attached to a delicate lever, 
or the fluid may be passed through the vessels under pressure and 
the rate of flow or the resistance to the flow measured. It can be 
\ shown in this way that calcium is as essential for the contraction 
t of smooth muscles as it is for the heart. 

^ It is certain that all tissues require similar nourishment, but 
some need more oxygen than others and sojim,_SlielL.as-ne»m:Cell3, 
are exquisit ely sensitiv e to changes in hydro gen-ion concentr ation. 
Hence it i^^tremelylEfiicuIF't'or' keep~ tM*centS. nervous system 
alive after the normal blood supply has failed. For this reason the 

For the cat less calcium is often an advantage. 
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nervous system dies extremely rapidly at death. The power of 
recovery of the different parts of the brain has been investigated by 
shutting off the blood supply, and it has been found that the higher 
parts are the first to suffer permanent damage as indicated by their 
failure to recover. 

For sustained nutrition many other elements are necessary to 
repair worn-out tissue. The substances necessary to effect such 
repair are discussed later in the section on Metabolism. 


References. — On the output of the heart, Bainbridge, Starling, GroUraann. 
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THE CIRCULATION IN THE BLOOD-VESSELS 

The movement of the blood from the heart tlrrough the arteries, 
capillaries, veins, and back to the heart, depends on the head 
of pressure produced by the pumping action of the heart. In the 
succeeding pages we shall see how the intermittent movement 
imparted to the blood is converted into a constant flow through 
the delicate capillaries, and why the arterial hlo6d-pressui-e is 
kept up while the heart is Ailing. 

The blood-pressure has the same purpose as the pressure in gas- 
or water-mains, namely, it ensures adecpiate distribution in varymg 
circmnstances and, as we shall see, should it fall in man below a 
certain critical level serious consequences ensue. 


\ Arterial Blood-Pressure and its Maintenance. 

I'or purposes of description it is convenient to enumerate first 
the factors which maintain the arterial pressure. These are : — 

1. The volume of the blood pumped out by the heart. 

2. The peripheral resistance to the flow of blood from the 
arteries. 

3. The elasticity of the blood-vessels. 

In order that we may understand blood-pressure, it' is necessary 
to consider some of the general laws of fluid pressure. 

Let us consider the simple case of a fluid flowing fi’om a reservoir, 
R (fig. 64), along a tube, which is open at the other end. 

In the course of the tube a number of upright glass tubes 
are inserted at equal distances. The upright tubes which measure 
the lateral pressure exerted by the fluid on the wall of the main 
tube, are called manometers. Between 0 and D, a tap T can be 
opened or shut at will. If tbe tap is closed there will naturally 
be no flow of fluid, and tbe fluid will rise to equal heights in the 
upriglit tubes A, B and 0. 

If now the tap is opened sUghtly, the fluid flows on account of 
the difference of pressiue brought about by gravitation ; the height of 
the fluid in the manometers indicates that the pressure is greatest 
in E, less in A, less still in B, and least of all in *E. 

On account of the resistance of the tap, the difference between 

12S 
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D and 0 is much more marked fchan the. difference between B and 
A. If the fluid wliich flows out of the end of the tube is' 
collected and poured back into E, we complete the circulation. 

The model serves to illustrate an important factor in the main- 
tenance of the bipod-pressure, namely, the peripheral resistance 
to the flow of blood from the arteries. Tliis may be varied by 
means^ of the tap T ; if the tap is tightened, one imitates increased 
constriction of the peripheral vessels ; if it is loosened, one imitates 
dilatation of the vessels. If the tap T is not quite closed, the 
arterial pressure (in A and B) rises, and the venous pressure (in 



D and E) falls. If it is closed entirely, the fluid in A and B rises 
to /the same level as that in E; the pressure of E is not felt at 
all by D and E, which empty themselves, and the flow ceases. If 
the tap is freely opened, the arterial pressure falls, and the venous ? 
^pressme rises. 

Measurements of the blood-pressure^ in various vessels indicates | 
that the- main peripheral resistance is in the region of the \ 
arterioles; but since the capillaries are: not all opem.im,.a_resting ! 
'tissue they must also ’contribute largely to_ the . resistance. The 
truth of this assumption has been demonstrated when the arterioles 
are dilated ; the dilatation of the capillaries by the drug histamine 
causes a diminution of the peripheral resistance (Dale and Eichards).. 
The peripheral resistance or frictional resistance- to the blood-flowi-' 
depends on the calibre of the peripheral vessels and the viscosity'^ 
of the blood. The former, Eowever, varies very much from time^ 

'to time.' / 

How the periphei’al resistance and the elasti city of tl ie vessels "I 
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In the body the elasticity is not localised to any particular part 
of the system as in the model, but is generalised. It is supplied by 
ihe elastic and muscular tissue in the walls of the vessels themselves. 

The resistance corresponding to E of the model is supplied by 
,t h& arter joLej, the relatively thick muscular walls of which are under 
. the control of nerves and in health are kept constantly in a state of 
. partial contraction or tone which may be varied from time to time. 

By assisting to maintain the diastolic pressure the elasticity of 
the system plays an important part in converting the intermittent 
flow in the arteries into a continuous flow in the capillaries. But for 
this we might feel the throb of the pulse-beat. If, however, a tissue 
becomes inflamed its arterioles dilate and the tissues become tense 
because of congestion with fluid and blood. The throb of the arteries 
is then transmitted to the nerve- endings. This is why we may feel 
throbbing in a septic finger or tooth. 

The volume of blood pumped out per beat has been discussed 
fully in relation to the output of the heart. It depends primarily 
on the extent to which the heart is fiUed, and this in turn depends on 
the venous return and on the rate of the heart. 

Summary. — We may then summarise by saying that the arterial 
pressure is maintained by the heart pumping into an elastic system 
of vessels more blood than can escape during the time of each 
contraction ; the elastic vessels are distended and recoil during the 
filling of the heart. Thus the arterial pressure is prevented from 
failing appreciably between the beats, and an intermittent flow 
produced by the heart is converted into a constant flow in the 
capillaries. 


- Recording the Blood-Pressure in Animals. 

The fact that the blood exerts considerable pressure on the 
arterial walls may be readily shown by puncturing any artery ; the 
blood is propelled with great force through the opening, and the jet 
rises to a considerable height ; in a small artery, where the pressure 
is lower, the jet is not so high as in a large artery : ^ the jerky 
character of the outflow due to the. intermittent action of the 
heart is also seen. If a vein is similarly injured, the blood is 
expelled with much less force, and the flow is, continuous, not 
intermittent. ' ^ • 

The first to make an advance on- this very rough method of 
demonstrating blood-pressure was the Eeverend Stephen Hales, vicar 
of Teddington (1722). He inserted, using a small brass tube as a 
cannula, a glass tube at right angles to the" femoral artery of a 
and noted the height to which the blood rose in ik This is a method 
like that which we used in the first model described (fig. 64)' The 
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blood rose to the height of about S feet, and having reached its highest 
point, it oscillated with the heart-beats, each cardiac systole causing 
a rise, each diastole a fall. Hales also noted a general rise during 
each inspiration. The method taught Hales these primary truths in 
connection with arterial pressure, but it possesses many disadvan- 
tages ; in the first place, the blood in the glass tube very soon clots, 
and in the second place, a column of liquid 8 feet high is an 
inconvenient one to work with. 

The first of these disadvantages was overcome to a great extent 
by Vierordt, who attached a tube filled with saturated solution of 
sodium carbonate to the artery, and measured the blood-pressure 
by the height of the column of this saline solution which the blood 
would support. • 

The second disadvantage was overcome by Poiseuille, who intro- 
duced the heavy liquid, mercury, as the - substance on which the 
blood exerted its pressure; and the U "Shaped mercurial manometer 
was connected to the artery by a tube filled with sodium carbonate 
solution to delay clotting. 

The study of blood-pressure was not, however, satisfactory before 
the introduction by Carl Ludwig (1847) of the Kymograph in which 
Poiseuille’s hcemodynamometer was combined with apparatus . for 
obtaining a graphic record of the oscillations of the mercury. 

Ludwig, who was Professor of Physiology in Leipzig, is looked 
upon as the father of the graphic method of making observations 
which is so much more reliable than visual observation only. 

A diagram of the apparatus is given in fig. 66. 

An artery is exposed, Egatiu’ed at its distal end, and clamped, 
so that no hmmorrhage occurs ; it is then opened, and a glass cannula 
is inserted and tied in. The form of cannula o usually employed 
(Francois Franck’s) is shown on a larger scale; the narrow part is 
tied into the artery towards the heart; the cross-piece of the T 
is united to the manometer; the third Hmb is provided ■^vith a 
short piece of india-rubber tubing which is kept closed by a clip 
and only opened when the cannula is being fiUedlfat the beginning 
of the experiment or if the presence of a clot necessitates the 
washing out of the cannula. 

The tube by means of which the cannula is united to the man- 
ometer is made of thick rubber, so that none of the arterial force 
may be wasted in expanding it. The tube, cannula, and proximal 
limb of the manometer are all filled with a saturated solution of 
sodium bicarbonate, sodium sulphate, or other salt which will mix 
with blood and delay its clotting. This is contained in a bottle 
some feet above the apparatus so that it can be supplied under 
pressure to the proximal limb of the manometer. Before the clip 
is removed from the artery, the pressure is raised by opening clip 
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B SO that the mercury rises in the distal limb to a height just 
greater than that of the anticipated blood-pressure; this prevents 
blood passing too freely into the cannula when the arterial clip is 
removed. ■ . 


To Pressure 



Fig. 66. — The kymograph. A piece of an artery BV is exposed, cpnveniently the carotid, in the 
neck, and its peripheral end tied ot£ A clip, A, is placed on- the artery which is then opened 
and the cannula inserted and tied in. (The ligature is not shown in the figure.) • The tubing from 
the mercury manometer is now connected to the cannula and the tubing filled with fluid under 
pressure equal to that expected by opening clip B and closing clip 0. CHlip B is closed and by 
taking off clip A the artery is put in direct communication with the manometer.. BP blood- 
pressure tracing. T, electro-magnetic time marker and zero of blood-pressure tracing. F, float 
of mercury manometer. BV, arteiy. To wash out the cannula, clip A is applied, and clips B 
and C opened (McDowall). 


In the distal hmb of the (J-tuhe, floating on the surface of the, 
mercury, is a float, from which a long wire extends upwards, and 
carries a stiff piece of -parchment which writes on a moving surface 
covered with smoked paper. When the arterial clip is removed, the 
writing-point inscribes waves (see figs. 66 -and 67), the large waves 
corresponding to respiration (the rise of pressure in most animals 
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accompanying inspiration),* the smaller ones to the indivi'dual 
heart-beats. The blood-pressure is really twice as gi-eat as that 
indicated by the height of the ti’acing above the zero, T, because if the 
manometer is of equal bore throughout, the mercury falls in one 
limb the same distance that it rises in the other; the true pressure 
is measured by the difference of level in the two limbs of the 
manometer (fig. 66). 

It will be observed that the heart-heats indicate that ini large 
arteries there is a considerable fluctuation in pressure between the 



Fio. 67.— Tracing of arterial blood-pressure (B.P.) obtained with a mercurial manometer attached 
to a cat’s carotid. The smaller waves are heart-beats, which are set on larger ones due to the 
respiratoiy movements recorded below. The animal was breathing slowly (McDowall). 

systole and diastole of the heart. The limits of each are known as the 
systolic and diastolic pressures respectively. With a mercury mano- 
meter, the inertia of the mercury reduces the difference (the pulse 
pressure), which in man may be as much as 50 mm. Hg. The full 
extent of the pulse pressure, may be recorded by a rapidly moving 
optical manometer such as 'that of Piper or Wiggers already 
referred to on p. 102. The usual method is to- construct a scale 
showing the extent to wliich the spot of light moves with each 
10 mm. Hg rise in pressure. 

The measurement of the pressures 'in the veins and capillaries 
is dealt with in later sections. , a 

/I • T . 

/Arterial Blood-Pressure in Man. \ * y r 

A special apparatus known as a sphygmometer is used for the 
measurement of blood-pressure in man. Martin’s modification of 

♦ The explanation of the respiratory curves on the tracing is postponed till 
after we have studied Respiration. 
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Eiva-Eoccis apparatus 'consists of a four-sided elastic bag about 
four and a half inches wide, and long enough to encircle the arm. 
It is wrapped round the arm, and outside it a cuff of strong canvas 
is firmly strapped. Air is forced into the bag by a tube leading 



Fia. 6S.—T110 subject's hand is best supported by a table to promote relaxation of muscles. TUe- 
stethoscopo is applied at S. The pressure on the arm-cuff is raised by rhythmically compressing 
the bulb and is shown on the manometer. It is pointed out that more elaborate varieties of such 
apparatus have to be calibrated against such a simple U-tube of uniform bore. 

from a ball syringe ; this tube is also connected by a side branch 
to a mercury manometer. As one continues to pump and distend 
the bag, the pulse-beats are transmitted to the mercury which rises 
in the manometer and oscillates with the pulse-beats. As the 
pressure ' rises the oscillations become more pronoxinced, and at a 
certain point they exhibit a greater excursion than they -do at any 
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other height ; beyond this point of mccccimal ;pidsation, the oscillations 
diminish in amplitude, and as the distension of the bag is increased 
still more, the pressure which is sufficient to obliterate the- pulse is 
at last reached, the oscillations of the mercury cease, and the pulse 
is no longer to be felt at the wrist. The pressure necessary to 
do this is equal to the systolic •pressure, and the height of the 
mercurial column should be noted when the pulse just disappears. 
The point of maximal oscillation gives a reading of the diastolic 
pressure. 

The auditory method' introduced by Korotkow has now replaced 
all other methods for estimating the diastolic pressure and it may 
be used for systolic also. The armlet is inflated until the compression 
applied is more than sufficient to obliterate the pulse. The chest- 
piece of an ordinary binaural stethoscope is applied over the brachial 
artery just below the armlet. It is _advisable also to take the 
systolic pressure by palpation so as to compare the tactile and 
auditory indices of pressure. When the armlet is thus distended 
no sound is heard and’ no pulse is felt. The air is then allowed 
to escape gradually from the armlet, and at a certain point, which 
is read off on the manometer, a distinct sound is heard with 
each heart-beat. This marks the beginning of the transmission of 
the pulse through the artery, and is the auditory index of the systolic 
pressure ; it is heard a little earlier than the return of the pulse can 
be felt at the wrist. With fm'thef lowering of the armlet pressure, 
the sound successively becomes murmurish (second phase) ; loud and 
clear (thhd phase) ; dulled and weakened (fourth phase) ; and .finally 
inaudible. The change from the third to the fourth phase, that is, the 
sudden dulling and weakening of the sound, constitutes the diastolic 
index. In many "instances there is little difference between the 
dulling and the final _extinetion of the sound. But often, especially 
in young, adults, the difference may be very marked, amounting 
sometimes to 30 mm. Hg; to take the abolition of the sound as the 
diastolic index in such cases "would lead to serious error. 

In healthy young adults examined by this method in the sitting 
posture, the systolic pressure averages about 110 to 135 mm. 
Hg and the diastolic pressure between 60 and 80 mm. in 
different individuals. Muscular exertion and mental excitement 
■, raise the pressure, especially the systolic (see p. 169). The difference 
i; between systolic and diastolic pressure is termed t\xQ 
In disease there are great variations, and the study of these is a 
very valuable aid to diagnosis. 

There is on the market a lai’ge variety of manometers, some 
containing mercury and some on the aneroid principle which magnify 
the changes which occur about the range usually found^ i.e. 
90 to 200, but it is necessary to calibrate the latter manometers 
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- from time to time against the simple and much cheaper 

of mercury which, however, has the disadvantage that it is 
less portable because of the danger of spilling the mercury in 
transit.; * 

following table* gives the average height of blood-pressure 
in various parts of the vascular system in man. They have been 
very largely inferred from experiments on animals, but m many 
cases have been confirmed by experiments on man : — 

Large arteries {e.g, carotid) . 140 mm. (about 6 inches) mercury. 

Medium arteries {e:g, radial) . 110 mm. mercury. 

Capillaries (arterial end) . - . 30 to 35 „ „ 

Capillaries (venous end) . . 15 to 20 - 

Small veins of arm ... 9 ,, ,, 

Portal vein 10 „ ,, 

Inferior vena cava . . ' . 3 ,, ,, 

Large veins of neck . from 0 to - 8 „ ,, 


The pressure in the pulmonary artery is about a quarter of that 


in the' systemic' arteries. It 
animals it may be taken by 
putting a cannula in a 
branch of the pulmonary 
artery. 

The blood-pressure falls 
slowly in the great arteries 
and manifests oscillations 
corresponding with the alter- 
nate systole and diastole of 
the heart ; at the end of 
the arterial system it falls 
suddenly and extensively in 
the course of the arterioles; 
capillaries and veins. 


cannot be 'recorded in man, but in 



Fio. 69.— Height of blood-pressure (BP) in LV, left' 
ventricle'. A, arteries; C, capillaries; V, veins; 
RA, right atrium ; O, lii‘fl of no pressure. 


it again falls gradually through the 
Such a diagram of blood-pressure is thus very 
different from one of velocity ; the velocity like the pressure falls 
from the arteries to the capillaries, but unlike it, rises again in the veius. ; 

Fig. 69 represents roughly the fall of pressure along the systemic | 
vascular systera. 

. It indicates that the chief perip heral resistance j3..in_.the^smalL 
ar terie8~P this~ is probably true when the tissue is active and 
when the capillaries are all open, but the work of Dale and 
Kichards indicates that in some circumstances the capillaries play ' 
a larger part than the diagram indicates. (See fig. 75.) _ 

It must be understood that these pressures are subject to con- ' 
siderable variations from alteration of the variable factors on which 
blood-pressure depends. 
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The Pulae.vSK^ 


This is the most characteristic feature of the arterial flow. It' is 
I the responsejoP he arterial wall...to . the changes in lateral pressure 
I caiise tl b y. the heart-beat. 

The physician usually feels the pulse in the radial artery, since this 
is near the surface, and supported by bone. It is a most valuable 
indication of the condition of the patient’s heart and vessels./ ' It is 
necessary in feelmg a pulse to note -the\f olio wing points _ 

; 1. Its frequency ; this gives usually the rate of the’ hea-rt but 

strictly only the number of beats of the left ventricle which 
' ■ produce pulse-waves strong enough to reach the wrist. ■ 

I' 2. Its force: whether it is a strong, bounding pulse, or a, feeble 

' beat ; this indicates the force with which the heart is beating. 

3. Its regularity or irregularity : irregularity may occm* owing 

to irregrdar cardiac action either in force or in rhythm. 

4. Its tension : that is, the force necessary to obliterate it. This 

gives an indication of the height of the blood-pressure. 

5. The (Condition of the arterial wall which in disease may 

become thickened. 


Ovlnorder to study the pulse more fully, it is necessary to obtain 
a graphic record of the pulse-beat, and this is accomplished by the 
use of the sphygmograph. It is not an easy inskument to use 
on all subjects and its use has been discontinued clinically because 
it gives little more information than can be obtained from feeling 

the pulse and taking the blood- 
pressure. It is best studied practically. 

Fig. 70 represents a typical 
sphygmographic tracing obtained from 
the Radial artery. cf 

explanation oi '"the various 
waves is derived from information 
obtained by taking simultaneous trac- 
ings of the pulse, aortic pressure, apex- 
beat, and intraventricular pressure. 
Fio. 70.— Disgram of paisa-tracing. A, np- The main waves recorded are the 

wave; D, dicrotic; E, ppst-dUmtlc jOrWiary (A) WaVe which 18 due to 

ventricular systole expanding the 
artery and the dicrotic wave (D). The dip before the wave is 
commonly called the dicrotic notch. 

The primary cause of the dicrotic wave is the closm’e of the aortic 
valve ; as already explained when we were considering the cardiac 
valves, the outflow of blood from the heart suddenly ceases, and the blood 
is driven back against the closed aortic valve by the elastic recoil of 
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the’ aorta ; the wave rebounds from this- and is propagated through 
the arterial system as the dicrotic elevation. The production of the 
dicrotic wave is favoured by a low ^blood-pressure when the heart 
is heating forcibly, as in fever.. Such a pulse is called a dicrotic 
pulse (fig. 71), and the second beat can easily be felt by the finger. 

Other subsidiary waves may occur, notably an anacrotic wave 
on the, upstroke, which results from a high peripheral resistance 
which tends also to prolong the downstroke. 

If a long pulse-tracing is , ' 

taken, the effect of the respiration 
may be seen in an increase of 
pressure, and, in some people, a 
slight acceleration of the heart’s 

beats during inspiration. F,a. 7i._Dicrotic puise. 

The main waves of the pulse 

can he demonstrated without the use of any instrument at aU, by ■ 
allowing the blood to spurt from a cut artery on to the smTace of a 
large sheet of white paper travelling jpast it. We thus obtain what 
is called a hcemautograpTi (fig. 72). // 

The pulse-wave travels along the arteries, and is started by 
the propulsion of the contents of the left ventricle into the already 
full arterial system. The more distant the artery , 
from the heart, the longer the' interval that elapses 
between the ventricular beat and the arrival of the 
pulse-wave. Thus it is felt in the carotid earher than 
in the radial artery, and still later in the dorsal 
artery of the foot. The difference of time is, how- 
ever, very slight j it is only a small fraction of a 
second. 

The rate of propagation of the pulse-wave ia^ 

of some importance since for a given blood-pressure'’^ 
it indicates the elasticity of the arterial wall. It 
travels at the rate of from 5 to 10 metres per 
second, that is twice or thrice the velocity of the 
blood-flow. The method of ascertaining this may 
be illustrated by the use of a long elastic tube into 
which fluid is forced by the sudden stroke of a pump. 
If a series of levers are placed along the tube at 
measured distances, those nearest the pump will rise 
first, those farthest from it last. If these are arranged to write on a 
revolving cylinder under one another, the movements will be shown 
graphically, and the time-interval between them can be measured by a 
time- tracing. The. same principle is applied to the arteries of the 
body; a series of Marey’s tambours is applied to the heart and to 
various arteries at known distances from the heart ; their ^levers are 



- Fia. 72 . — Hsemauto- 
graph, to be read 
'from right to left. 
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arranged to write immediately under one another. The difierence in 
time between the commencement of their np-strokes is measured by 
a time-tracing. 

A. V. HiU has introduced the hot-wire sphygmograph in which the expansion 
of the artery with each heart-beiif makes a-piiff “of air cool an electrically- 
heated wire, the electrical resistance of which is thereby varied. The wire 
forming one arm of a Wheatstone’s bridge, the alteration in resistance is shown 
by a string galvanometer, and recorded photographically. Two arteries at 
different distances from thfe heart-are used, the time of arrival of the pulse-wave 
in each being recorded by the excursion of a string in the galvanometer; tlie 
two strings being arranged so that their images on the recording surface fall in 
the same vertical plane. Wishart has introduced another sphymograph in which 
the pulse is caused to move the plates of a condenser. ^Ul such methods are 
more accurate than that of the tambour but require more expensive apparatus. 


r ;< The Venous Pulse and the Polygraph.’ • 

The venous pulse is recorded by placing over the lower end of the 
internal jugular vein in the neck a hollow metal cup which transmits 
changes in pressure to a delicate tambour. The waves are produced 
in pAlt by interruption of the venous inflo w amTb y the meighbouring 
arterifii” "Thus when the auricle is fiUm^the venous pressure rises 
to cause the V wave (fig. 73), but this falls as soon as the auriculo-. 
ventricular valves open. The subsequent filling and contraction of 
the auricle cause the important A wave, which is followed } of a second 
later by the C wave. This wave is due to the approximation of the 
large arteries and veins, e.//. the innominate, and, since the wave is 
present in pressure records of the auricle itself, it may in part be due 
to the bulging of the floor of the auricle during ventricular systole. 

An analysis is made of the venous tracing by taking 
simultaneously a tracing of the radial, pulse by means of the 
polygraph in which the venous and arterial records are on the 
same strip of paper (fig. 73). The wave which occurs on the venous 
tracin" one-tenth of a second before the radial pulse is the C 
wave,°while usually the preceding wave is the A wave. Kg. 73 
shows additional waves which can be neglected at present. 

The importance of polygx’aph records is that from them the 
, number of auricular contractions may he counted and the a-c interval, 
wliich corresponds to the P.E. interval of the electro-cardiogram, 
gives a measure of the time (normally one-fifth of a second) 
taken for the excitation wave to pass down the auriculo-ventricular 
bundle. ^ 

The Time of a Complete Circulation. 0-o 

^ The simplest method of making this estimation is that of 
Stewart. A solution of methylene-blue is injected into a vessel. 
The corresponding vessel on the opposite side is exposed, placed 
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on a sheet of white paper, and strongly illuminated. The time 
is noted between the injection^ and the moment' when the blue 
coloiu- is, seen to appear in the vessel, under observation. Stewart 
applied this method also for determining the time occupied by 
the passage of blood through various parts of the circulation; the 



Fio. 73. — Simultaneous electro-cardiograph (lowest) and polygraph (upper two) records. 
(From Flint’s The Mean : Old Views and New.) 


longest ch’culation times were found in the portal system and 
the lower limbs. He calculated that the total cu’culation time in 
man is j.hout_15 seconds., ■ 

Hohe of these methods, however, give the true time of the entire 
circulation ; they give merely the shortest possible time in which any 
particle of blood can travel through the shortest pathway. The 
blood that travels in the axial current, or which takes a broad path- 
way through wide capillaries, will arrive far more ^speedily at its 
destination than that which creeps through tortuous or constricted, 
vessels. Since the total blood in the body and the output of thej , 
heart per minute are about the same, i.e. 5 litres, it can he considered h 
that all the blood mak es one circuit per_^nutg=::L'aJLrest. During i 
ex^SB-i:h6'Tatrie~^atly increased! The blood passing through 
regions near the heart, e.g. through the coronary circulation, performs 
the' journey most rapidly. Such considerations reduce the average 
time to something like that calculated by Stewart. 
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The Capillary Circulation. 

It used to be thought that the capillaries simply opened up 
, when the blood-pressure rose, but since the work of Krogh it has 
I become appreciated that they have a power of contraction - and 
‘I dilatation quite independent of the arteries, and are even able 
I to close against a raised blood-pressure. 

We have already noted (p. 94) that capillaries close because of a 
swelling of the endothelial cells of which their walls are composed. 
The blood-pressure varies in different capillaries. It is most 
accurately measured by inserting a minute cannula into the vessel 
under a microscope, but a rough idea is obtained by finding the 
amounf of pressure necessary to close the vessels or blanch the skin 
by sealing over it a glass capsule into which air may bo forced. 

It is evident that the capillary pressure is much lower than 
that in the arteries. 

In the human skin at heart level the pressure has been fomul 
to fall because of the resistance to the blood flow, from ,32 imn. 
of mercury at the arterial end to about 12 mm. at the venous .end, 
but in some capillaries, e.g. those, nf t he foot in the ere ct p os ture, 
the .pres sure is much hi gher. 

' The circulation in the capillaries may readily be observed in 
the web of the foot, or the mesentery of a frog. In the larger 
vessels there is seen to be a distinct pulsation with each heart-beat, 
but in the smaller capillaries the blood is seen to flow with a 
constant equable motion. The red blood corpuscles move along 
mostly in single file and .bend in various ways to accommodate 
themselves to the tortuous course of the capillary, but they 
recover their normal outline on reaching a wider vessel. If the 
capillaries are observed for some time they are seen to undergo 
changes in calibre, some shutting down, and others opening up. 

! These changes apparently take place independently of the arteries and 
* veins, and deuend-on-the- oxygen requir ement s of th e_ti83ue supplied..^ 
^ The capillaries may readily be made tb"c6ntrabf'if'’touched with 
a sharp needle. This contraction normally spreads over a con- 
siderable area, but if cocaine has been previously applied to the web, 
the constriction is limited to the point of stimulation. Since cocaine 
is a known paralysant of nervous tissue this ' experiment indicates 
that the ca pilla ric.s are -Gontrollft<l-b.y-jiervea. This is supported by 
the observation of Hooker that stimulation of the cervical sympa- 
thetic nerves causes constriction of the capillaries of the rabbit's ear, 
while Doi has demonstrated dilatation in the frog’s web by nervous 
stimulation (Bayliss). 

It will be noted that the capillaries being very thin-walled are 
easily affected by substances acting on them from the outside. 
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In relation to exercise in a subsequent section we shall see 
that the capillaries dilate in all actiye tissues. We are then not 
surpiised to find that substances normally released or produced 
during tissue activity, such as carbon dioxide and lactic acid, 
cause capillary dilatation. This no doubt accounts for the fact 'that 
we readily obtain flushing of the skin after compressing a small area 



Fig. 74. — A capillary circulation showing an arterio-venous anastomosis in its lower part. 


or after temporary occlusion of the blood-supply (see Exercise). 
The fact that there actually is a dilatation of vessels during the 
occlusion has been definitely shown by the fact that the venous 
pressure in the occluded part falls (Kendrew). Eecent work suggests 
that adenine triphosphate may be released from muscle cells and 
be largely responsible for the dilatation (Eleisch). 

The human capillaries- may be observed in the skin with an ^ 
ordinary microscope, if the skin is soaked in oil and adequately 
illuminated. In the nail-fold capillary loops may be seen. Some skin . 
capillaries remain permanently open but others open and close at 
intervals. ^ 

i 

The Capillaries and Circulatory Capacity. 

It is important to realise that the. total number of the capillaries 
in the body is enormous, and that were they aU open- at once the 
effect on the capacity off the vascular system would be very great. 
They would, as it were, soak up the blood like a sponge. 

The following figure gives an idea of the variable capacity of 
the circulation. When, therefore, the arterioles and the capillaries 
as a whole dilate, there may be a momentary increased flow into 
the veins but the total effect -is a reduction of the venous flow. 
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The student at this stage should realise that the capillaries may 
cause changes in the blood-pressure in two ways, (1) by varying 
the capacity of the circulation or (2) by varying the peripheral 
resistance if the arterioles are dilated at the same time. 

It has been shown (Dale and Eichards) that the substance 
hist amine has, the power of causing widespread c apiUa rY,diIatation._ 



and brings about, as a residt, a profoimd fall of blood-pressure, which 
may end in death. The blood is lost in the capillaries and does not 
return to the heart. Death from superficial burning is probably 
due to the production of such a substance in the damaged tissues, 
since the symptoms of this condition are likewise e.xplained by a 
diminution of the blood in active circulation. 

A network of capillaries containing corpuscles, some of which 
go in single file, is seen in fig. 74. At one side (right) is seen an 
arteriole, at the other a venule. Near the bottom of the figure is 
seen an arterio-venous anastomosis. 

The capillaries of the skin have been found to be specially 
sensitive to histamine, an observation possibly explained by the 
finding of Best, that the skin, unlike the other tissues of the body, 
I does not con tain -the. enzyme -his taminase wliich ^destroys, histamine. 
Lewis lias shown that when the skin is injured the redness and 
whealing (e.y. in burns) is duo to the local production of a dilator 
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substance - wliich , not only opens up the capillaries but causes 
increased permeability of their walls. This is evidently a protective 
mechanism. 

Fainting in a hot bath is probably also due to, a dilatation' of. . ,, 
the. capillaries of the skin. 

Considerable discussion has taken place on what, normally 
keeps a large number of the, capillaries’ closed. It is probably 
nervous control, but the closure returns after the nerves are cuL 
It appears likely .that the .capillaries, like cardiac muscle, becpme 
responsive to the chemical constituents of the blood, for it has been 
found that perfused vessels are exquisitely sensitive to minute 
changes in the concentration • of substances normally present in n 
the Wood, especially to the calcium-potassium and to the acid-base 11 
ratios. . * 

x" . J " 

Venous Pressure arid Return. 

In our study of the output of the heart we saw that this . 
depends primarily on the amount of blood which reaches it from 
the veins. This return depends on a variety of factors, and provided 
the heart is efficient its extent may be estimated by recording the 
venous pressure. i 

T/ie Venous Pressure. — This pressure is clearly dependent„.OD_ 
the heart and the arterial pressure. The pressure is highest, in 
the small veins at the periphery, but falls off to zero or a minus , 
pressure in the veins near the heart during diastole. The pressure in 
veins may be taken exactly as is arterial pressure, except that, since 
the pressure is so low, water is used in the manometer instead of 
mercury. ./An inverted bell of very thin glass makes, a convenient 
float. In animal experiments sodium bicarbonate is the usual fluid 
used in the manometer affit is an anti-coagulant, and also no serious 
harm results if some gets into the circulation. The best way to 
obtain a record is to insert a long cannula down the external jugular 
vein. A good venous pressure record shows 'respiratory waves 
and heart beats./ In jman, probably the most trustworthy way is 
to observe the pressure at which” a saline solution will just stop 
running into a vein through a cannula. The amount of pressure 
necessary to’ compress a superflcial vein or which will just prevent . 
the re-filling of a vein emptied by. compression from the periphery 
inwards is also an index of the venous pressure, v The venous 
pressure is normally aboLU.h5„to 15 cm. H 2 O or about 3 to 10 mm. Hg 
in a vein at the elbow, held at the level of the right auricle (Bedford 
and Wright). . - , , ' . ' . . 

The venous pressure vari es directly with the blood volume 
relative to the capacity ol the'^cifculation ; STlEtis way it is' 
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dififerent from the arterial pressure, which may be kept up reflexly 
sby the vasomotor centre. If blood is lost, the arteries and 
i capillaries constrict and by. increasing the peripheral resistance 
/ . -jkeep up the arterial pressure, but as a result (corresponding to a 
{closing of the tap in fig. 64) the venous pressure falls. This 
adaptation also occurs whenever a drug is injected wMch causes any 
marked increase in the capacity of the circulation. * It" is seen after 
the injection of histamine (see Capillaries, p. 143) and of alcohol, 
. which dilates skin vessels, although in neither instance may 
there be, at least with small doses, any sustained fall of arterial 
pressure. 

When, however, there is a large increase in the capacity of the 
, circulation, as when a large dose .of histamine is injected (e.g. 2 mg. 
histamine into a cat);-;;br when the nervous control of the blood- 
vessels is cut off, then there is a fall of venous pressure and failure 
of 'the circulation because the heart does'not "receive sufficient blood. 


I 

£ 


Tills phenomenon occurs whenever there is generalised asphyxia 
of the body and is produced by a variety of causes, but especially 
a low. blood-pressure which fails to . distribute the. blood. properly.; 
,-Tjiis condition .of^shoclrlwhich is sometimes fatal is of great surgical 
importance 'nr cases^^f injury, but its treatment is most baffling 
since not only is there an increased c apacity of the circu lation.^ 
but also a reduced peripheral"Tesisfance. So far as is known tliis 
state is irreversible once established and every effort must be made ' 
to prevent it. 

The venous pressure is also much influenced by the efficien.cy- 
of the heart as a, pump, and the weaker t he heart Becomes _^e"greater 
is the venous pressure because blood continues to flow info tfieWeins 
from the arteries, the blood in which is at a much higher pressure 
(see fig. 79). ^-There is, indeed, evidence that the height of the venous 
pressure is the most delicate test of the efficiency of the heart. A 
rise of venous pressure is very commonly seen in cardiac diseases, 
and the yenous congestion so produced may cause dire results. 

On the other hand, increased efficiency of the heart causes a fall 


of venous pressure. 

When for any reason the venous pressure becomes high, the 
jCapillary pressure 4s increased and the flow through the capillaries 
’delayed. Lack of oxygen leads to increased capillary permeability 
iand this combined with inoreased capillary pressure results in the 
■passage of excess fluid into the tissues. Such an excess is called 
.c edem ^Q r d^ ^y, A mild degree of this occurs in the lower limbs 
'from-^andin'g^ still for twenty minutes. 

The return of blood to the heart is essentially brought about by 
She arterial_pres3ure. In most animals the heart is as emphasised 
by Franklin at almost the lowest point of the circulation. The return 
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is. therefore facilitated by ^ gravity with the exception of the blood (. 
from the limbs where the valves assist . 

' In exercise the return of blocid^is facilitated by the muscular 
conbractiQns, which compress the capillaries in the muscle itself 
and also to some extent the valved veins. The dilatation of the^ 
capillaries permits a more rapid flow of blood from the arteries to | 
the veins. 

The return of the blood to the heart is still further assisted byl 
respiration. Indeed, so important is this function that the term 
“j respiratory vu jrLP.. ” is used (L. Hill). Any temporary cessation in * 
respiration causes a fall in arterial blood-pressure, until asphyxia 
ensues. The pressure in the chest is normally negative. During 
each inspiration there is produced an increased negative pressure in 
.the chest and at the' same time an increased positive pressure in the 
abdomen. The negative pressure in the chest tends to draw blood 
into it, and thej positive pressure in the abdomen to drive up" 
blood. Thus at each inspiration, since the valves of the veins 
prevent regurgitation into the lower limbs, blood is drawn towards . , 
the heart while that in the lungs is trapped by the pulmonary 
valves. During expiration, therefore, it is forced towards the left 
side of the heart (see “ The Effects of the Eespiratory Movements 
on the Circulation ” later). The action of the respiratory pump is 
increased with the respiration during exercise. 


CHAPTEE XIV 

'X^te'e control of the circulation. ! 

The circulation is controlled by ^ em ical and nervous, mechanisms 
which maintain its efficiency in whatever circumstances the body 
may be placed. One great pm-pose of the control is to pro^'ide wide 
variations in blood supply to various organs, especially the muscles 
according to their activity and requirements. The control also 
prevents the efficiency of the circulation from being unduly affected' 
j by changes in the position of the body and ensures that in the event 
\ of loss of blood, the heart and brain — the most essential organs of 
the body — are ^he last to suffer seriously. 

The Function of Cardiac Control. 

The control of the heart confers on the organ the power of 
changing its output and adapting it to the needs of the'animal. 
Tliis~lf”does, as we have seen, by chan gjng .its o utput per beat 
■ari d the uiimber nf- .beats per miTiiita It is in regard to the latter 
that the .nervous control of the heart is of special importance, but 
the nervous control also makes the response of the cardiac muscle 
more effective. 

■, Tlie Control of tlie Heart -Rate. — This rate is set by the 
I pacejnaker, which may be influenced appreciably by various factors, 

I especially those which reach it by way of the sympathetic and 
I the vagus nerves. In addition, the rate is affected by the temperature 
j of the blood reaching the pace-maker, and by the amounts of 
i thyroid and adrenal hormone circulating in the blood, Normally 
i these are of little significance but they become important in 
• disease. 

The Nervous Control.,,, ^ 

The Sympathetic. — In the mammal the sympathetic fibres leave 
the cord by the anterior roots of the second_to._thel-.sisth„dorsal 
neia^es (Cannon, see fig. 39); they pass by the ''rami' communicautes 
to the stellate ganghon, or first thoracic ganglion, and thence by 
the annulus and by the inferior cervical ganglion of the sympathetic 
they proceed to the heart (see fig, 76). 

In man, the cardiac branches of the sympathetic travel to the 
heart from the annulus and cervical sympathetic in superior, middle 
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and lower bundles, of .fibres.' These pass into the cardiac plexuses, 
and surrounding'the coronary vessels ultimately reach the heart. 

■ In the frog the sympathetic fibres leave the spinal cord by the 
anterior root of the third spinal nerve, and pass by the ramus 
communicans to the third sympathetic ganglion, then to the second 



Fio. 76.— Diagram to show the^chief pathways concerned in sympathetic acceleration of the mammalian 
heart. The known afferent impulses pass upwards by the vagus and from .the skin A. Ai and 
Ao, vessels supplied. SCG, superior cervical ganglion, S, stellate ganglion. * * ^ 

sympathetic ganglion, then by the annulus round the subclavian 
artery to the. first sympathetic ganglion, and finally in the main 
trunk of the sympathetic, to near the- exit of the vagus from the 
cranium. Here they join the vagus and' run down to the heart 
within its sheath, forming the joint vago-sympathetic trunk. The 
fibres, of, the sympathetic whidhgo up into the skull are^or the 
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supply of Jjlood-vessels. there. It should be noted that the frog 
has no accessory nervp. ° 

I _ The sympathetic fibres appear to pass to Bidder’s ganglion at the 
I junction of the auricles and the ventricle. This ganglion acts as a 
j relay station. . 

The fibres fj:om the brain appear to pass down the spinal cord 
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Fia. 77. — Rise in arterial blood-preaaure produced by stimulating the central end of a sensory nerve 
(external popliteal; in a cat under the inlluouce of morphine and curare. B.P., blood-pressure; 
A, abscissa or base-line; T, time intervals of 5 seconds; B, signal line, the lowering of which 
indicates the period of stimulation of the nerve. The sire of the figure is slightly reduced in 
reproduction. (Sherrington.) 


in its lateral columns, but detailed information on their origin is 
lacking. 

Stimulation of the fibres anywhere along their course brings 
about cardiac acceleration and augmentation. There is, however, 
evidence that separate fibres may be concerned in these two 
functions, and it is claimed that in mammals one or two small 
nerves leaving the stellate ganglion produce augmentation without 
acceleration. 

The upper end of the sympathetic lias not been accurately 
defined although the term ca]:diacracnelfirator„.cen.tre„ia commonly 
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used. It has been found possible to accelerate the heart 
by stimula ion of the hypothalamus. (Brown, Beattie and w\ 
but not of the medulla of the mammal without causiug other 

changes. Similar effects are produced by stimulation of the cerebral 
cortex. 

_llie_sympathetic-is constantly- sending accelerator impulses, to 



Fia. 78. — Diagram of the chief cardio •inhibitory reflex arcs. Afferent fibres from the aorta and heart 
via the aortic depressor nerve, AD, and by the carotid depressor. nerve, CD, from the carotid sinus 
C, are shown in dotted lines. CD, the glosso-pharyngeal nerve of which the carotid nerve is a 
branch. In black and white line also is shown the eflerent pathway of the vagus distributed to the 
sinus and auriculo-ventricular bundle. VMN indicates an efferent vasodilator fibre operated from 
the same afferents (McDowall).- 


^^-.feeart, as is seen by the fact that its section or paralysis by 
ergptpxine causes cardiac , slowing. 

increased sympathetic activity is brought about reflexly by 
a number of procedures, especially stimulation of any afferent 
nerve from the , skin and a rise of pressure in th^ right auricle. 
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the c hief nerve o f th e . parasympat^hetic or cranio-sacral division 
of the autonomic nervous systemy'” Stimulation of the vagus brings 
about a marked slowing or cessation of the acfeity of the heart, in 
the first instance complete, causing a marked fall of arteiial and rise 
of venous' pressure. If the stimulation is continued, so -calle d vagus 
escape (or escape from the inhibitory stimulus) may occur as the I 
result of the rise of venous pressure stimulating the cardib-accelerator Ci 
mechanism.*' This is shown by the fact that if steps are taken 
prevent the rise of venous pressure 'e.g. by bleeding, vagus stimulation 



Fig. 80. — The effect of stimulation of the va^s in the frog. Note the slow recovery of the 
lieart in the upper record. In the lower record the vagus was stimulated from the arrow 
but during 5 additional tension was put on the lever. 


continues to cause slowing for hours without evidence of fatigue 
(McDowall). 

iln the frog a similar inhibition is produced, but since in the 
latter the sympathetic is bound up with the vagus mixed eJffects 
may occur (fig. 80). It is important to observe that if records 
of the frog’s &art are being taken with the usual form of cardio- 
graph, any form of mechanical stimulation, such as a too-heavy 
lever,' may diminish or annul the vagus effect. So also will too strong 
a stimulus which may stimulate the heart-fibres directly. 

In the frog the inhibitory fibres have a relay station in Eemak’s 
gamglion in the sino-auricular junction. The synapses in the jimction 
may be paralysed by painting the region with nicotine but thereafter 
the heart may still be slowed by stimulating the post-ganglionic 
fibres which, arise in this region which is recognisable as a white 
line or crescent. If, however, the heart is now painted with atropine 
no inhibitory effects can be produced (see pp. 85 and 156). / 
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The cliief action of the vagus in the mammal is on the sino-axivicular 
; node, and on the auricle, of which the force of contraction is reduced, 
I the duration of systole lengthened, and the refractory period 
; diminished. The vagus also depresses the conductivity of the 
1 auriculo-ventricular bundle. This is shown by the fact that if a 
partial heart-block is produced, stimulation of the vagus may make 
it complete. 

It is now known that the vagus acts by liberating a chemical 
■ substance, acetyheholine, in the heart (Loewi). This substance had 
long becnTTnbwn to have a similar action to that of the vagus. 
Howell' had previously suggested that the action was due to the 
liberation of potassium, and it may be that somehow liis findings 
are related to those of Loewi, which have already been described 
on p. 65.' 



Fia. 81 .— A record of tho currents of action in the depressor nerve of the cat. From the electro- 
oirdlu^arn ahovti it i.s seen that there U a burst oC impulses during tho systole of the vcutricles 
(Or<.eiiWuod artd ^Ic Do wall). 


Tlic Canlio- Inhibitor y Eejlexes. — During rest the vagi are 
constantly sending out impulses to restrain cardiac activity as is 
indicated by tho fact that if they are cut, or if their action is 
prevented by atropine, there is cardiac acceleration. Moreover, it 
can bo shown that this vagus restraint depends on tho receipt 
by tho vagus centre of afferent impulses, the loss of which leads 
to cardiac acceleration. These impulses arise in the walls of certain 
blood-yessels. during each systole of the heart. 

In 1865 Cyon liad discovered that there runs with the vagus a 
nerve known as the aortic depressor,* stimulation of the central end 
of which causes a fall of blood-pressure and slowing of the heart by 
way of tho vagus. JIow it has been shown that at each beat of the 
heart impulse-s pass up this nervo to the medulla (Adrian andBronk, 
Kijlant). (See fig. 81.) 

The impulses arise as a result of the stretching of the walls of 
the aorta and the left side of the heart. This has been finally 

* I'hU is a sej;>aratc nerve in the rabbit, but in most mammals it is bound up 
witlj the vuj'us. la the cat it is sometimes separate. 
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shovvn by Daly and Verney, who short-circuited the arch and • 
obtained cardiac slowing by stretching it. ' 

Even between the beats there may be a considerable upward 
discharge of impulses in the depressor if the aortic pressure is caused 
to rise by the intravenous injection of fluid or of ai’enaline. 

In 1925 Hering discovered that similar distension of the 
region known as the cagotid^sjnus at the bifurcation of the common 
carotid artery had a like effect and this has been fully confirmed 
and studied, especially by Heymaris. It is possible to separate the 
carotid sinus from the circulation with its nervous connections intact 
and to supply it with blood at different pressures. It has been shown 
that impulses pass to the medulla by way of a branch of the glosso- 
pharyngeal nerve. Thus we may say that the normal vagus activity 
is maintained reflexly from the cardio- aortic region and the carotid 
sinus . 

These two reflexes are responsible for the observations of Marev j, 
that the higher the blood-pressure the slower the heart and mje versa, t 
The vagus centres may also be stimulated by a number of other ? 
procedures, such as a blow on the abdomen or larynx, but it is 
doubtful if they have any physiological significance except that 
they show reflex paths. 

-Axi.incrm^e^^mj^elral also brings about similar results, [ 
apparently^ through direct action on the medulla. The cardiac j 
slowing produced is an important sign of bleeding into the cranial i 
cavity in cases of fractured skull. 

The Belation of the Sympathetic to the Vagus . — The sympathetic 
and. vagus are not so antagonistic as at first sight appears, rather- 
they, assist each other in providing the heart with a wide range 
of activity, for when the heart is accelerated normally or by sensory 
stimulation there is a reduction of the normal vagus restraint. 

! This was shown by Gasser and Meek and by Heymans and Samaan, 
\who compared the effects of exercise on animals before and after 
cutting the sympathetic and vagus; 

It has indeed been shown that the reduction of vagus restraint . 
is certainly as important as increased sympathetic action. How 
exactly the changes are brought about is not certain, but it is clear - 
that psychical effects and the effects of afferent impulses play an 
important part. 

It has, however, been suggested that the cardio-inhibitory reflex 
has an important function in relation to cardiac efficiency. The| 
more efficient the heart the more blood' it is capable of pumping j 
out per beat, but the cardiac acceleration which takes place when > 
theVenous pressure rises in exercise would prevent full advantage 
being taken of the increased efficiency unless vagus restraint , during 
rest were increased. This function would explain why those'in good 
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training develop increased vagus restraint. It ^Yould seem then 
that the essential fimction of the cardio-inhibitory mechanism is to 
increase the range of the heart-beat by extending its lower limit. 

It is also beUeved that by such reflexes the heart is protected 
against a sudden rise of pressure' on the arterial side. If such 
a rise is produced, it is at once reduced by cardiac slowing and 
vascular dilatation. 


The Chemical Control of the Heart-Rate. L — 

i Any procedure which' causes oxygen- want and the accmnulation of 
carbon dioxide in the brain causes cardiac acceleration which at a 
later stage is replaced by cardiac slowmg. Since the acceleration 
occurs even after the vagi are cut, the sinuses denervated, and the 
suprarenal glands removed, it must be considered that such pro- 
cedures cause a central stimulation of the sympathetic (McDowall). 
A t the same time they cause apparently an inMbition of the cardio- 
inhibitory reflex since, rmder conditions of oxygen-want and "carbon 
' dioxide accumulation in exercise and asphyxia, cardiac acceleration 
i I occurs at the same time as a high blood-pressure. 

It should, however, be jiointed out that although this mechanism 
has been shown to exist it has not yet been shown that the changes 
in the blood in normal exercise are sufficiently large to be eflective 
in this way, but it is very important in disease. 


The Effect of Dhugs on the Heart. 

This question belongs properly to the realm of Pharmacology. 
We shall, therefore, confine ourselves to those substances which are of 
importance owing to their use in physiological investigation. 

We may conveniently divide the drugs which act on the heart into 
two categories : those which act on the cardio-inhibitory mechanism, 
and those which act on the cardio-accelerator mechanism. 

Adrenaline, from the suprarenal gland, like the sympathetic 
causes a marked increase in the force and rate of the heart. 

Enjotoxine and erejotamine, from extract of ergot, by paralysing 
the sympathetic cause a profound slowing of the heart. 

Atroj)ine, from belladonna, causes marked acceleration of tlio 
heart-beats, by preventing the action of acetyl-choline normally 
produced by the vagus. This has already been referred to 
on p. 85. 

Muscarine, from poisonous fungi. Pilocarpine, from Jaborandi 
leaves. Choline and the more active Acetyl-choline cause marked 
slowing of the heart. Their action is abolished by atropine. 

Wo have already noted that there is evidence that certain 
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' nerves act by producing ad,renalineL.or ace.tyl-choHne in the region 
of their nerve-endings. “ 

_^coiwi6_pai’alyses..-. the., synapses of the autonomic nervous' 
abolishes, -thereby, sympathetic tone and vagus restraint. ; 
As the latter predominates, nicotine causes an acceleration of the heart. 

Narcotics and Ohloroform. Most narcotics, c.g. morphine and 
chloral, if administered in sufficient quantity, depress the sympathetic 
and lead to increased parasympathetic activity as indicated by 
cardiac slowing and constriction of the pupils. At a certain stage of 
their action the cardio-inhibitory reflexes tend to become exaggerated. 
Complete arrest of the heart may be brought about accidentally in 
such cmcumstances. This is well known in chloroform aneesthesia, 
m which the irritation by the vapour of the lungs may set up 
inhibitory reflexes. In animals, cutting the vagi immediately sets 
the heart going again. In man, atropine may be administered to 
avoid the inliibition. Small amounts of chloroform are, however, 
quite safe in midwifery cases in which there is an unusual amount 
of sympathetic activity. Larger amounts of chloroform (over 2 per 
cent, in the alveolar air), especially if administered for a long time, 
are liable to act- very harmfully on the cardiac muscle. 

The Control of the Blood-Vessels — The Vasomotor 
Nervous System. 


The Control of the Blood-Vessels. — The blood-vessels have 
long been known to change their calibre. Tiiis is well seen in 
the phenomenon of blushing. 

The., change in diameter is brought about in two ways, nervous ; 
and chemical. Normally all blood-vessels are under the control , 
of nerves, but the capillaries are more sensitive to chemical stimuli ;! 
than larger vessels and they are affected not only by substances 
circulating 'in the blood-stream but also, because of their thin walls, r 
by substances which may reach them from the tissue through which : 
they pass.. 

The control of the blood-vessels has now been 3ho\p to , be 
of considerable practical importance, since it has been reahsed that 
it maybe of great significance in relation to the commonly fatal 
condition of shock. Operations on nerves to relieve spasm have- 

been commonly performed. _ . ,1.11^ 

By changing their calibre the vessels distribute the blood to ! 
the parts where it is 'most needed. Thus in physical exercise | 
additional blood is given to the active muscles by dilatation 0 , 
their blood-vessels, but as the volume of the blood is hmite , ^ 
this can ■ only be done at the expense of other^ regions, the blooc - ; 
vessels of which constrict. By means of this control also tie. 
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circulation can adapt itself to the effect of gravity ^Ylucll otherwise 
would tend to cnuse the blood to accumulate in dependent parts. 

, The Vasoconstrictor Centre. — It has now been definitely 
; established that all the blood-vessels in the body are imder the 
. control of the vasoconstrictor centre which lies in the floor of the 
fourth ventricle, a few millimetres above the cala mus se riptor jus 
of the medulla. The position of the centre has been discovered 
by the following means; If sections are made through the brain 
above this level, there is no immediate effect on the blood-pressure ; 
on the other hand, section of the medulla below this region causes 
a profoimd fall of blood-pressure due to the loss of the influence 
of the centre which normally keeps the vessels in a state of partial 
cmitraction or tone (Ludwig and Dittmar). 

More detailed localisation has been efieeted by exploration with 
electrodes revealing the fact that there is a small area on each side 
stuiuilation of which brings about a rise of blood-pressure. It 
is found that even after the vasoconstrictor centre has been cut 
off by section of the medulla, recovery of blood-pressure may occur. 
This suggests that the. spinal cord is the seat of subsidiary centres, 
a view which is supported by the fact that destruction of the cord 
causes the blood-pressure to fall again. 

The vasoconstrictor centre is normally kept stimulated by impulses 
which reach it by the afferent nerves (especially those from the skin, 
from the right auricle and probably from the abdomen), and, as 
first pointed out by Yandell Henderson of Yale, by carbon dioxide ,> 
in the blood. If, therefore, the afferent end of a sensory nerve 
is stimulated, a contraction of blood-vessels is brought about 
and a consequent rise of blood-pressure, although any effect on 
the heart has been prevented by previous section of its nerves. 
Reflexes causing rises of blood-pressure are known as Pressp)r 
■ Reflexes. A similar rise of blood-pressure is caused by an accumu- 
i^on'Yf carbon dioxide in the body, such as occurs in asphyxia 
(see fig. 118 ). On the other hand, if an anaesthetised animal 
is forcibly over- ventilated and the carbon dioxide in the blood 
reduced there is a fall of blood-pressure which has been shown 
by Dale and Evans to be duo to reduction of the activity of the 
vasoconstrictor centre. This effect does not, however, necessarily 
occur in normal man in whom certain compensatory mechanisms 
are present. The effort of over- ventilation and the effect on the 
capillaries of washing out the carbon dio.xide make up for the 
reduction of carbon dioxide in the centre. Hormally, for example, 
the skin vessels constrict during over-ventilation (rapid deep 
breathing) in man. If, however, the individual is immersed in 
a very hot bath this change in the skin vessels does not occur and 
over-ventilation may cause a fall of pressure. 
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I The vasocoustrictor centre is, like the heart, also under a 
I considerable restraint from depressor impulses whicli arise from 
>1 the caxdio-aortic region and the carotid sinus. Cutting off these 
impulses brings about a vasoconstriction. In this it acts reciprocally f: 
with the vasodilator centre, and the vascular constriction when it | 
occm's may be looked upon as partly due to increased vasoconstrictor | 

• 'activity and partly to reduced vasodilator activity. 

The most potent stimuli to this centre normally are mental 
activity, carbon dioxide and a fall of arterial pressure. In exereise 
such constriction is a protection against a fall of arterial pressure, 
and in man the skin pallor produced is an important point in the 
diagnosis of internal haemorrhage. 



How a fall of arterial pressure stimulates the centre is a matter 
of debate. The centre may be directly sensitive or there may be a 
.reduction of depresspr impulses reaching it. (See Haemorrhage.) 

vasoconstrictor centre impulses pass down the spinal 
; cord and pass out in the anterior roots to the white rami and thence 
■ ^he sympathetic chain of ganglia from which they are distributed 
^o_$hp whole body. The reader should refer to the descrip tioii of 
the syihpathetic nerves given on p. 77. A certain number of fibres 
pass back by. the grey rami and are distributed with the ordinary 
motor fibres in which they may be demonstrated by the effect of 
electrical stimulation.- 

The '\7’asoconstrictor Fibres. — ^These fibres, as we have stated, 
keep the blood-vessels partially constricted, and their function was 
first demonstrated in’ 1851 by Wharton Jones of Guy’s Hospital, 
London, in the web of the frog, and Claude Bernard of Paris, in the 
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ear of a rabbit. He found that division of the cervical sympathetic 
produced a redness at the side of the head and of the ear in which 
the central artery and its branches were seen to enlarge and many 
small branches, not previously visible came into view. The ear felt 
hotter to the touch. On stimulating the peripheral end of the 
cut nerve he found that the ear resumed its normal condition 
and indeed might become paler than usual owing to excessive 
constriction of blood-vessels. 

Wharton Jones showed that sections of the sciatic nerve dilated 
the vessels of the frog’s web and that stimulation caused closure. 



Fia. S3.— Plethysmojzraph. The arm, A, is enclosed in a ';laS3 tube, 0, and tJie system mado 
air-tf^*ht with a rubber band, B, fitting around the arm ami rellected over tlio outside of 
G. The volume changes are transmitted to and recorded by a (.^^cDowall) lloat-recordor. 
For short experiments air tramsinission ts used, but for experiments of longer duration the 
apparatus is filled with water to prevent volume change.^ due to temperature variations. 


Subsequent experiments have shown that the capillaries as well 
as the arteries are aflected by such stimulation (Hooker). It has 
also been shown that the veins have a vasoconstrictor nerve supply 
(Donegan). 

^Emdence of Changes in Blood-Vessels . — Of late years a largo 
amount of research has been made into the control of vessels 
and various methods have been used to show the delicate changes 
which may occur in the blood supply of a part, since it is possible 
only in a very few areas to observe the vessels directly with the 
naked eye or with the microscope. 

The changes wluch occiu: and which are recorded when possible 
are in (1) retlness, (2) temperaturo, (3) flow from the exit vein, 

I (4) venosity of' the issuing blood, and (5) the volume of the part. 
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Eecording of the last, known as plethysnwgraphy, has been. so 
much used that it is described below in some detail. It must be 
emphasised, however, that it gives. the amount of blood in the 
part and not necessarily the flow through. 

Flethysmograjohy. — This method was introduced by Mosso. 
and . by its means changes in the volume of a limb or an organ 
can be .recorded graphically. The part is enclosed in an air-tight 
chamber which communicates with a delicate recorder, as shown 
in fig. 83. When the part alters in size, air is forced out of the 
chamber into the recorder or the reverse. Great care has to be 
taken that in making the air chamber air-tight the vessels entering 
the limb or organ are not compressed. Plethysmographs are made 
of glass, metal, e.g. Eoy’s oncometer, or of gutta-percha (Schafer) 
which is specially useful as it can be readily made to fit any organ. 
Thus the salivary glands, lobes of the liver or lung, kidney, spleen 
or coil of intestine can easily be enclosed in an appropriately shaped 
chamber covered with a glass plate, and made air-tight with vaseline. 
The use of the plethysmograph is found particularly valuable in 
relation to the limbs and the intestines, not only for studying the 
vasomotor nerves but also for investigating the action of drugs on 
blood-vessels. Changes in the spleen or a coil of the intestine are 
important as they indicate what is probably occurring in the whole 
splanchnic area, an area capable of holding a third of the blood of the 
body. The term splanchnic area is apphed to the whole abdominal 
region which is supplied by the splanchnic nerves which pass down 
from the lower sympathetic ganglia in the thorax. It includes the 
whole alimentary canal. Erom what has been said it will be rmder- 
stood that stimulation of either splanchnic nerve causes a constriction 
of the blood-vessels in this region. 

Eecent work has shown that changes in the volume of a limb 
are for the most part due to the skin vessels. If, for example, 
adrenaline is injected into an animal the normal limb volume is 
reduced, whereas if the limb is skinned the volume increases 
because the vessels of muscles are dilated by small doses of this 
substance. 

The rate of the blood-flow through a part is more difficult 
to measure and it is really much more important than the amount 
of blood in it. Probably the most accurate way is to find ^ the 
amount of blood which issues from the vein leaving the part in a 
given time. Eor' prolonged experiment,' however, this involves the 
use of anticoagulants and the reinjection of the blood. This was 
originally carried out by Chauveau and Kaufmann in 1886 on the 
vein of the lower lip of a horse and it was found that mastication 
increased the flow from four -to eight times. 

The method of the tKcnnostromuhr elaborated, by- Eein of 

F 
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Gottingen offers a means of studying the flow in a largo vessel 
without opening it. The piece of vessel is placed between heating 
plates and the amount of heat taken up by the blood determined by 
means of thermocouples above and below the heater. This amoimt 
depends on the flow. The method of Brodie is also used especially 
by Lewis, Grant, and others for e.xperimonts in man. Here a 
plethysmograph is placed on the forearm and the arterial flow 
occluded by means of a sphygmomanometer cuff Bemoval of 
the cuff leads to a swelling of the arm the rate of which is 
proportional to the rate of blood-flow into it. 


P 



Kio. 84.— Keta’a tlicrnuL-itrornuIir. Two electrodc-plate-a P heUl together by a C-brackot arc i)]ace<l on 
each aMti of tho blooil-vea.sul. Tho blootl ia heated by a higl» frequency current pa.Hseti iHitweon 
them. Tho dlirerencc la Iho tenipenituro between tho thermo-couplea Lj and i.-* indicated by 
tho movement of tho galvanumeter G. (From Ucin.) 


Thermopiles have also been used, tho temperaturo of the part 
being proportional to the blood-llow through it. Experiments of 
this kind have been carried out especially by H. Barcroft. 

Perfusion Pxj)eriments. — In these experiments there is passed 
into the artery supplying tho part under investigation warm Einger’s 
solution or blood under constant pressure (about 100 mm. Hg). 
Changes in the calibre of the vessels are shown by measuring the 
outflow from tho corresponding vein or by recording the resistance 
to the inflow by means of a side tube. Perfusion experiments have 
the great advantage that the effect of changes in other parts of the 
circulation, e.g. in the output of tho heart, is excluded. Tho method is 
specially valuable in the study of the action of drugs. 

If a part of the body is perfused while tho remainder of the 
animal is intact, so that the perfused part only cbmmunicates with 
the rest of the animal by means of nerves, it is possible by recording 
tho rate of perfusion to study the activity of the vasomotor 
centres. 

The Function of the Vasoconstrictor Bejlexcs and Nerves. — A 
study of exercise indicates that the function of these reflexes and 
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nerves. is to shut down the blood-vessels .of the. body generally in i 
order to provide a maximum amount of blood , for active tissues, j 
Thus in exercise thfe splanchnic region is constricted to provide blood { 
for the muscles, while after a meal additional blood is provided, for \ 
the alimentary canal by constriction of vessels elsewhere. ... ' ) 

The Vasodilator Centre, — ^This centre appears to act recipro- 
cally with the vasoconstrictor centre, i.e. when one is stimulated 
the other is inhibited, and vice versa. It lies in the floor of th e 

fourth, v entricle close, to th e vasocon strictor centre, but it may 

separately be stimulated electrically and bring about ..a' fall, of 
blood-pressure. Like the vasoconstrictor centre it is constantly 
sending out impulses. 

Normally, it is stimulated by impulses which pass up at each 
beat of the heart from, the cardio-aortic. region and the carotid sinus, 
and which we have seen also , bring about slowing of the heart, 
via the vagus (see p. 154). The raising of the pressure in those 
regions causes a fall of arterial pressure after the heart nerves have 
been cut while, lowering it causes the reverse. The latter effect 
is probably best seen in the cat by occluding the common carotid 
artery or by painting the carotid sinus with cocaine especially after 
the vagi have been cut. A rise of pressure in the abdominal vessels 
is also effective possibly by stimulating the Pacinian corpuscles. 

The vasodilator mechanism may, however, be stimulated in other 
ways, for example by the application of slow galvanic shocks to 
many mixed nerves, e.g. the sciatic and by many mechanical procedures 
such as stretching of muscles. These changes are, however, only 
seen when the sympathetic is depressed by certain anaesthetics. 
These are important as they may bring about falls of pressure inu 
injury and during surgical operations.. Alb such reflex falls of i| 
arterial pressure are known as Depressor Eeflexes . *'* 

Vasodilator Nerves. — In'aHfeion to v aso constrictor nerves, it 
seems probable that every organ also receives a supply of vasodilator 
nerycTfibres. These fibres, when stimulated, cause dilatation of the 
vessels in the organ supplied. -The vasodilator fibres are con- 
veniently divided into several categories — local dil^ors, posterior 
root .dilators, and sympathetic dilators. 

(1) Local vasodilator nerves include such nerves as the chorda 
tympani to the sanvajy’glahdb.ahd "the nervus erigehs to the erectile 

'“tissue" of the penis. 

(2) Vasodilator fibres were shown by Strieker to pass out from the 

spinal cord in posterior nerve-roots, , stimulation of which caused 

vasodilatation uT the parts supplied, and their existence was amply 
confirmed by Bayliss. ' These fibres,, like the vagus, are activated in 
the depressor reflexes from the aorta and carotid sinus. Subsequently 
they join the mixed nerve-trunks. There is evidence that the 
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vasodilatur narvcs to the skin act by liberating vasodilator substances 
like histamine and acetyl-choline. (See The Autonomic Nervous 
Sy.stem.)' ' 

(3) Vasodilator fibres also pass out in the spupathetic, but special 
means have usually to be taken to demonstrate them; for example, 
the sympathetic may be first pai-alysed by ergotoxin (Dale) or slow 
stimuli may be used. 

Apparently, however, there is a difference in different animals. Burn obtained 
dilatation in the hind limb when the abdominal sympathetic was excited by slow 
stimuli in the do^ but not in the cat, w’hile Dastre, Bernard’s successor, remarked 
that liad the latter chanced to use a dog instead of a rabbit the vasodilator action 
of tlie cervical sympathetic would have been more apparent than its constrictor 
action. 

The sympathetic dilators appear to pass out by the anterior 
roots aud to pass particularly to the vessels of muscles (Gaskell, 
Cannon). 

^ All dilators rcacli the organs they supply in mixed nerves in 
wliich constrictors coinmonly predominate. In consequence, stimu- 
lation of such a nerve usually causes vasoconstriction. 

In order to demonstrate the presence of dilators in mixed nerves 
special procedures have to be adopted (BowcUtch and Warren ; 
Goltz). 

1. The Method of Dcycncration . — If the sciatic nerve is cut, the 
vessels of the limb dihxte. This passes off in a day or two. If 
the peripheral end of tlie nerve is then stimulated, the vessels 
are clilated, as _ the constrictor fibres degenerate earliest, and so a 
result is obtained due to the stimulation of the still intact dilator 
fibres. 

2. 'The Method of Sloivhj Interrupted Shochs , — If a mixed nerve 
is stimulated with the usual rapidly interrupted faradic current, 
the effect is constriction; but if the induction shocks are sent in 
at long intervals {e.g. at intervals of a second), vasodilator eflects 
are obtained. 

3. The Injlucnce of Temperature . — Exposure to a lov/ temperature 
depresses the constrictors more than tlie dilators. If the leg is 
placed in ice-cold water, stimulation of the sciatic, even if it has 
only recently been divided, produces a flushing of the skin with 
blood. 

4. Mechanical Stimulation of a mixed nerve as distinct from 
electrical stimulation not infrequently causes vasodiJatatioiL 

The explanation of tlicse different effects is as yet uncertain, for 
no ditferenco in the excitability of the vasoconstrictor and vaso- 
dilator fibres has been found. It would seem that the eflects depend 
on the number of impulses reaching the vessels. 
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The Function of the Vasodilator Nerves. 

The woi’k of Cannon and his co-workers in Harvard University 
on the action of adrenaline (see Adrenaline) indicate that tke 
function of the symp atheti c _ vasodilators^s probably concerned with \Qa^ 
the dilatation oUthe vessels of the muscles in physical exercise. 

The function of the dilator “reflexds "arising from the cardio-aortic' 



Fig. 85. — The effect on arterial pressure and respiration of paralysing a carotid sinus by cocaine, the 
other sinus having been tied off and vagus action avoided by the previous injection of atropine. 

region and the carotid sinuses would appear to be" twofold. At 
rest they maintain the arterial pressure at a constant level. 

, ' If the carotid sinuses are put . out .of Action by paralysing them 
with cocaine, there is a marked" rise of the arterial pressure accom- 
"panied hy "a’cohstfiction of the peripheral vessels (fig. 85). 

In exercise when the blood-pressure rises, however, these reflexes, 
hke the vagal reflexes, appear to be thrown out of action, for it 
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Differences between Stimulating, the Central and 
Peripheral Ends of the Vagus. 

' Stimulation of the centres is responsible for the difference between 
the effect of stimulating the central and peripheral ends of the vagus. 

If,.the„peripheral end is ,sthnulated,the,.heart is slowed and the 
blood-pressure falls abruptly, but recovers very sharply to above its 
Previous level as . soon ,as„the. stimulatipn ceases, because^ blood has 
banked up in the veins. 

If the vagi are both cut the fall of pressure produced by 
stimulation of a central end is due to stimulation of the vasodilator 
and inhibition of the vasoconstrictor centres. Since it is vascular, 
therefore, the fall and recovery are slow and capacity effects have 
prevented any banking up of blood in the veins. 

If one vagus is left intact the effects of stimulating the central 
end of the other are intermediate. 

The Chemical Control of the Blood-Vessels. 

This control is both central and l(^al. We have seen that carbon ;; 
dio x ide s timulates the vasomo^r cenfae and that, in relation to the 
capillaries, this substance ^and lactic acid cause dilatation of these 
vessels. These chemical substances, produced locally, take pre- 
cedence over~ nervbus“inliuences, for when the cervical sympathetic . 
is stimurated^therconstfic tor effect is seen to wear off as soon as'" 
the ear becomes asphyxiated. The importance of these facts is 
dealt with below. According to Fleisch the arterioles may also ^ 
participate in this local chemical control. A 

The Effect of Exercise on the Circulation. 

The various changes are described as being actually brought -,’ 
about by exercise, but, as we shall see later, some of them may ^ 
anticipate the exercise. This is especially true also of the secretion 
of adrenaline, which assists the nervous control to redistribute the 
blood according to bodily needs. (See Adrenaline.) 

Local Vascular Changes. — We now know^from the work of 
Krogh (Professor of Zoophysiology in Copenhagen) that the capillarie 
can alter their calibre independently of the arterioles, and that, like 
the latter, they are supplied with nerves (Hooker, see Capillary 
Circulation, p. 142). _ > 

When exercise takes place, thereis_.majked_dilatati^^ of capillaries j 
in the active region. This has been most convincingly demonstrated ; 
by Krogh: By injecting indian ink into the blood-vessels of two ' 
sets of frogs, in one of which the tongues had been stimulated 
tq contract for some time previously, he found on examination of 
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Non-Polarisable Electrodes. — If a galvanometer is. connected \ 
with a muscle by wires which touch the muscle, electrical currents ; 
are obtained in the circuit which are set up by the contact of metal 
with muscle. The currents so obtained form no evidence of electro- . 
motive force in the muscle itself. Moreover, the, passage of an ^ 
electric current through the tissue causes electrolysis with the 
movement of ions, the positive ions {e.g. Ha"^) passing to the kathode; 
the negative {e,g, 01') to the anode. There they give up their charges 
and chemical reactions occur, so that a minute gas battery- is formed 
which interferes appreciably with the current under investigation. 
By the use of non-polarisable electrodes this may be prevented,- 
In modern work silver chloride electrodes are used.' These consist 
of silver wire previously coated electrolytically with silver chloride.* 



Fig, 19,— One of a pair of non-polarisalile electrodes. In this form a zinc rod dips into • . ' ‘ 
zinc sulphate in a piece of glass tubing one end of which is closed by a cork and the 
other with kaolin soaked in saline. Out of the latter there pass to the muscles or 
nerve a few strands of fat-free wool soaked in saline. Any Zn which is set free 
becomes deposited in the electrode and any SO4 in the other electrode acts on the 
electrode slightly. The production of gas is thereby avoided. 

When, therefore, sodium chloride is broken up the hTa' and Cl' ions 
merely form sodium chloride and silver chloride and no further 
reaction takes place. In the older form of Du Bois Eeymond 
•amalgamated, zinc dipping into zinc sulphate- solution was connected 
to the tissue by china clay soaked in physiological salt solution. 
Electrodes on tins principle are still used in taking records^ of heart 

currents. v 

Eig. 19 shows a convenient form of the latter variety. 

Current of Action —Jm. a, muscle removed from the body it is 
foundrtlmt'onrTeadii^ off two parts of its surface to a galvanometer, 
the needle (or in the string galvanometer, the string) usually 
moves ; this indicates that the two parts of the muscle are not in 
the same state of electrical potential, and therefore a current flows 
when the two parts are connected by a conducting wire; the 
most marked result' is' obtained when the longitudinal' surface is 
connected with one or other of the cut ends as in fig. 17. This is 
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connected by non-pqlarisable electrodes to a string galvanometer, 
and that the mnscle-wave is started by a single stimnlus applied 
at A ; just before the visible wave reaches p this point becomes 
galvanometrically negative to d, and therefore a current flows from 
d to p through the galvanometer Gr. A moment later the two points 
are equi-potential and no current flows ; a minute fraction of a 
second * later this balance is upset, for when the wave reaches the 
point d, that point undergoes the same change, and the galvanometer 
needle moves in the opposite direction. 

If, however, instead of examining the ’ electrical change in the 
muscle in the manner depicted in fig. 20, one electrode is placed on 



Fio. 22. — M indicates the mechanical resppnse of the muscle, H the rate of heat production, and E the 
electrical change. Note the early electrical change and the initial and delayed heat. The muscle 
was stimulated at 0. (After Samojloff, Hill and Hartree.) 

the uninjured surface and the other on the cut end, .the electrical 
response is a different one. 

Under these conditions, the electrical change is a monophasic 
variation, for when the muscle-wave reaches the cut end, this part 
of the muscle, owing to its injured state, does not respond to the 
excitatory condition, and the electrical response is also extinguished. 
If the muscle is thrown into tetanus a series of monophasic 
variations is produced. 

The employment of instruments of precision, like the string 
galvanometer or oscillograph has enabled investigators to ascertain 
the time of onset and duration of the electiical disturbance; this 
precedes the actual shortening of the muscle, occurring chiefly 
* The time varies with the distance between p and d. 
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during the latent period,, a nd it is completed long before the visible 
coHtTrotrDrr‘is~Uvef. This is well shown in the preceding diagram 
(fig. 22) in which the muscle curve (M) is seen with its accompany- 
ing electrogram taken with the string galvanometer. 

Muscle is not the only tissue which exhibits electrical pheno- 
mena. A nerve which is uninjured is iso-electric ; injury causes a 
current of injury; activity is. accompanied by a sirnilar diphasic 
wave travelling along the nerve simultaneously with the nervous 



impulse. The actiAuty of secreting glands, vegetable tissues, retina, 
etc., is accompanied by somewhat similar electrical changes, which 
we shall study in detail later. 

The most prominent exhibition of ardmal electricity is seen in 
the electric organs of electric fishes. In some of these fishes the 
electric organ is modified muscle, in which a series, as it were, of 
hypertropliied end-plates corresponds to the plates in a voltaic pile. 
In other fishes the electric organ is composed of modified skin glands. 



But in each case the electric discharge is the principal phenomenon 
that accompanies activity. 

Gahani’s contractioji without metals. If the nerve of a nerve- 
muscle preparation A is held by a glass hook upon another muscle 
B (fig. 23) or upon its owp muscle, it will be stimulated by the 
injury current of the muscle on wMch it is held, and this leads to 
a contraction of the mtiscle (A) which it supplies. The experiment 
succeeds best if the nerve is dropped across a longitudinal surface 
and a freshly made transverse section. 

Secondary contraction. This is caused by the current of action. 
If, while the nerve of A is resting on the muscle B (fig. 24), the 
latter is made to contract by the stimulation of its nerve, the nerve 
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of A is stimulated by the electrical variation which accom'panies 
the contraction of the muscle B, and so a contraction of muscle A 
is produced. This is called secondary contraction. , . 

Chemical Changes in Muscle. . 

In an earlier section it'has been stated that' the energy of muscle 
contraction is derived from the burning of carbon and hydrogen 
to carbon dioxide and water, but it has become evident that many 
. other changes occur and these are of interest because they give 
a clue to the obscure problem of the nature of muscle contraction. 

Apart from the contractile element in muscle it is now known 
That there occur in resting muscle three substances which are broken , 
down during contraction, aienyl jDyrophosphate, creatine phosjphate,! 
^(l^ycpgen. The first two are completely FestorTdBufmg recovery, 1 
the glycogen only partly, so, the remainder of the latter being the , 
essential source of the chemical energy. 

The most important early observations on the subject were made 
by Fletcher and Hopkins, in 1907, who found that a muscle .w ould- 
cnntrAat -iTi- a,n a, tmnspheTe_of— nitrog en,- in which nircumstance s 
la.ctic..a cid accu hiul ated and the. muscl e would hot r ecov er in th e 
aBsenee.^oL^oxygen.„ It appeared most likely that this li'beration 
of lactic acid was an essential process in the mechanism , of con- 
traction and many theories, especially those of Hill and Meyerhof, 
were built up on this hypothesis. The experiments showed clearly 
that the oxidation process was not essential for the contraction [ 
but for the recovery. ' 

A complete revolution in our ideas of the subject oceuri'ed, 
however’, when it was found, in 1930 by Lundsgaard, that a muscle \ 
poisoned with iodoacetic acid . would contract in the absence:, of 
oxygen although no' lactic acid was foriiied," "Attention was then 
paid to'the"bther changes which occurred in the muscle. 

It had been observed, in 1914 by Emden in Germany,' that the 
addition of phosphate to muscle juice containing glycogen caused 
the latter to be broken down to lactic acid with the liberation of 
phosphoric acid through an intermediate stage' of hexose phosphate 
which was called lactacidogen. A study of the phosphates of the 
muscle had led to the discovery, in 19^7, by the Eggletons iin^ 
London, and by Fiske and Subbarrow independently in America'i 
of creatine phosphate which was broken down by contraction tos 
creatine and phosphoric acid, and rebuilt during recovery. Tins' 
was then thought to be most intimately concerned with the eon- 
traction, and gained support from the findings , that, in a poisoned 
muscle deprived of oxygen, the energy released' by the muscle was 
proportional to the creatine phosphate broken down, and that a 
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poisoned muscle will contract until all the creatine phosphate is 
broken down, when the muscle dies. Later it was found thatjdke 
the glycogen, it was not broken down until immed iatel y (20 seconds) 
affer the eon traction ■'■is~over. It~wiir'T5e" realised, that it is the 
rapid "changes which occur wMch make the study of this subject 
so difficult. Much has been done by slowing the processes by 
cold. 

Later Emden discovered adenyl pyrophosphate which is broken 
down during contraction to adenylic acid and phosphoric acid. The 
adenylic acid subsequently produces inosinic acid and ammonia. 

Thus it is seen that sufficient phosphoric acid is released during 
or immediately after the contraction for the phosphorylation of the 
glycogen and its conversion to h^ose_phosphate. 

In the rebuilding process tlie phosphoric acid is again released 
to resynthesise the creatine phosphate and adenyl pyrophosphate. 
In this two processes appear to be possible. (1) Normally the 
energy for the rebuilding process would seem to be derived from 
the oxidation of lactic' acid to ckrhon dioxide and water, but a 
study of the amounts of glycogen broken down, lactic acid and 
carbon dioxide produced, indicates that much more lactic acid is 
produced than is oxidised. In the frog much of the unoxidised lactic 
acid, possibly as much as four-fifths is resynthesised back to glycogen 
in the muscle itself, but in the mammal tliis appears to occur only in 
the liver and the resynthesis is probably less, for in severe exercise 
there is a considerable rise of blood lactate and excretion of lactate in 
the urine. (2) The energy released in the breakdown of the hexose 
phosphate to lactic acid is considered also to be of valua in the 
resynthesis of the creatine phosphate and adenyl phosphate, for 
in a muscle deprived of oxygen or short of creatine phosphate there 
is a synthesis of creatine phosphate. It is thought that normally 
about one-third is synthesised in this way. 

An attempt to show these changes diagrammatically is given 
below, the details of the carbohydrate breakdown being ■ omitted 
for simplicity. They are given in relation to the “Oxidation of 
Carbohydrates ” later. 

This view fits in well with the measurements of heat production, 
given in the next section, which indicate that more than half the 
heat produced by a muscle is evolved during recovery but then only 
occurs if oxygen is present. There is very little delayed anserobic 
iieat, the energy being used to drive the synthetic processes in 
these circumstances. 

There is also evidence that the resynthesis of the adenyl 
phosphate depends on the reconstitution of the creatine phosphate. 

Essentially we do not know whether the changes which take 
place are the cause or the result of the contraction process, and 
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still less dp we know how the alleged humoral transmitter, acetyl 
chohne, from the nerve to the muscle acts. At the moment of 


SCHEME OF THE CHEMISTRY OF MUSCLE CONTRACTION 



Fig. 25.— The first half of recovery is anoerohic but the second half requires oxygen. 

The heavy lines indicate breakdown. 

writing it would seem that the actual contractile element may be 
an enzyme, adenyl phosphatase, which suddenly becomes activated. 


Oxygen Debt. 

From what has been said regarding the oxidation of lactic acid 
it is seen that the muscle, unlike an internal combustion engine, 
- uses oxygen after the contraction is over to recover and prepare 
for the next contraction. I f oxyg en is not sufficient the accumula- 
tion oLlactic-a cid represents an oxygen debt, and such-a-debt-ean be 
shown to occ ur not only in isolated muscle but also in man . 

m an, oxyg en debts of less tb an~2'¥~rit res are . n o.t,_ accom-. 
panied~by— the -appearance -of” any -lactic ~anid ■ in_.the .. blpod.^ With 
larger debts the lactic acid accumulation is proportional to the excess 
of debt over this figure. The " alactacid ” debt is probably accounted 
for by a depletion of the store of creatinephosphoric acid in the 
muscles (Margaria, Edwards and others). • 
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Normally in severe exercise the circulation carries away neutralised 
lactic acid which may be resynthesised in other tissues, especially the 
liver, or may be excreted in the urine. 

That carbohydrate is the chief source of muscular energy is 

shown by the fact that the respiratory quotient ^q" (see 

p. 253) during tl}e .ipifl^..period of exercise and recovery is unity. 



Fio. 20,— Diagram shorring oxygen debt (after Hill and Lnpton). 


If, however, t he exerc iseJa.prolongedJi he resp iratory ..quotient may 
'Tj^ess'IHainmity, showing that substances other than carbohydrates, 
notably fat, can be used._ During the period of actual exercise the 
respilTLtmy''quotient~ is often greater than unity ; this is especially 
true of severe exercise, and is to be explained by the increased 
breathing which causes carbon dioxide to be swept out in unduly 
large amounts. The increased breathing is due to lactic acid 
entering the blood and presumably raising its H-ion concentration 
(Hill, Long and Lupton). Conversely, during the recovery period 
the Ii.Q. may fall below unity because of the retention of carbon 
dioxide in the body. (See Eeaction of the Blood.) \ ' 

Fatigue of Muscle. (See p. 70.) . . ' 


Thermal Changes in Muscle. 


A muscle when imcontracted may not be at absolute rest; 
chemical changes occur in it, and consequently heat is produced. 
There is a transformation of the potential energy of chemical^ 
afiinity into other forms of energy, especially molecular motion 
and heat. But when muscle contracts, the liberation^ of energy is 
increased; woflT^Isnibne, and’ more Teat "is produced; the heat 
prUducedT^esents'Dhofe ’’ of'lh'e" en ergy than the wort done. 
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On a cold day one keeps oneself warm by exercise ; in fact the body 
temperature may go up temporarily 1° to 2° as a result of muscular 
activity. 

For the detection of small rises in temperature, a thermopile, and 
not a thermometer, is employed. 

A thermopile consists of a junction of two different metals such 
as antimony and bismuth ; the metals are connected to a galvano- 
meter. If one junction is heated and the other not an electrical 


Diagram 1. Diagram 2. Diagram 3. 



Fio. 27. — Diagrams to illustrate the principle of thermopiles. 


.current passes round the circuit and is detected by the galvano- 
meter. If the number of junctions in the circuit is increased, 
and one set is heated, the electrical current is increased through 
the galvanometer. The arrangement is shown in fig. 27. 

Needle-shaped couples may be plunged into the muscles. In 
modern work the muscles may be laid on a number of junctions 
in series and wound round a vulcanite support, and the apparatus 
enclosed in a chamber such as a thermos flask to prevent heat loss 
(Hill), and keep the outer junctions at constant temperature. 

In the thermopile of A. Y. Hill,*' the combination used is copper 
or other metal and an alloy known as constantan (an alloy of 
copper 60 per cent, and nickel 40 per cent.). By employing 
a large number of such junctions in connection with a mirror 
galvanometer, it is possible to measure the heat produced even in 
such small muscles as a frog’s sartorius, the amoimt of deflection 
by known quantities of heat being, subsequently determined. The 
responses of this delicate instrument are recorded photographically 

* A. V. Hill is Foulerton Kesearch Professor of the Royal Society. 
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and are so immediate that it is also possible to ascertain the exact 
time when the heat formation occurs. 

^ The important result has been obtained that not only' is heat 
j produced during the mechanical response (initial heat), but also after 
V; (recovery heat). The latter is associated with the processes which 
j accompany recovery and requires the presence of oxygen; but the 
I initial heat like the contraction is produced independently, of the 
presence of oxygen. The amount of- heat is approximately pro- 
portional to the duration of the stimulus and to the tension produced. 
The initial heat depends on (1) contraction, (2) the continuance, of 
contraction in the case of a tetanus, and (3) relaxation. In a 
tetanus we can say, therefore, that there are four phases of heat 
production. 

- The relation of the output of heat to the other changes are seen 
in fig. 22. 

If a muscle is not allowed to shorten when it contracts all the 
energy expended appears as heat, but if it is allowed to contract 
at an optimum rate (see p. 30) to prevent loss due to viscosity 
practically all the initial heat appears as work and it has been 
calculated that the mechanical efficiency of muscle is on the average 
about_40 per ceni.,,,.-' - 

An oFdmary locomotive wastes about 96 per cent, of its 
available energy as heat, only 4 per cent, being represented as work. 
In the best triple-expansion steam-engine the work done rises to 
12’5 per cent, of the total energy. Thus muscle is more economical ' 
than the best steam-engines. The body has further advantage over 
any engine, for the heat it produces is not wasted, but is used for 
keeping up the body temperature, the fall of which below a certain 
point would lead to death, not only of the muscles but of the body 
generally. 

In most engines much heat is lost and is so much wasted energy. 
In the body the heat is of value to maintain metabolic processes. 


Rigor Mortis. 

After death, the muscles gradually lose their irritability and pass 
into a contracted condition. This affects all the muscles of the body, 
and usually fixes it in the natural posture of equilibrium or rest. 
The general stiffening thus produced constitutes rigor mortis or post- 
mortem rigidity. 

' \ The cause of rigor is the_coagulation_of-ihejnuscle;plasma, which 
is'more fully described in the next section.^ This coagulation results 
in the formation of myosin, and is gradual in onset. Simultaneously : 
(a) the m'liscles Iccome shortened and opaque; (b) heat is evolved; 
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(c) it/ie muscles give off carhonic acid, and (d) become acid in reaction 
(this is due in part to the formation of sarcolactic acid, and 
!; in part to the formation of acid phosphates); (e) glycogen • 
disappears. 

After a varying interval, the rigor passes off, and the muscles 
are once more relaxed. This sometimes occurs too quickly to 
he caused by putrefaction, and there is very little doubt that it 
is really the first stage in the .self -dig estion or autolysis which 
occurs in all tissues after death., owing to tlm^eTence^of intra- 
cellular enzymes or ferments. /This fact we take advantage-ofln^ 
the “ hanging ” of meat, especially game which is liable to be tough, 
to' make it tender. ? It is known that a pepsin-like or proteolytic 
enzyme_is present in muscle, as in many other animal'^tissues"— 
kidney, spleen, etc. (Hedin) — and that such enzymes act best in 
an acid 'medium. The conditions for the solution of the coagulated 
myosin are therefore present, as the reaction of rigored muscle 
is acid. 

y'Ordep of Occurrence . — All the muscles are not affected simul- 
taneously figof mortis. It affects the neck and lower jaw first ; 
next, the upper extremities, extending from above downwards ; 
and lastly, reaches the lower limbs ; in some rare instances, it 
affects the lower extremities before, or simultaneously with, the 
upper extremities. It usually ceases in the order in which it 
begins: first at the head, then in the upper extremities, and lastly 
in the lower extremities. It..seldom-commenc es earlier than, ten 
minutes, or lat er th an seven hours_ after death ; a nd its du^tion 
is greai^in_propor.tion..to'-TEeIiatenessmfJ.ts .accession. 

“TTTtie occurrence of rigor mortis is not prevented by the previous .. 
f=«^is'teiroB^f::psralysisTn^’-par^provided~the]paralys'is~Ea's3ioLbeen ( 
'Attended" with ver y imperfe ct nutr ition of the mus.cularjbissue. In 
'a^deeply'nafcotTsed, _e.g. chloralo sed, | animal the onset of r igor mo rtis ( 
is much delayed, and the tissues' may remain excitable for long 
periods (Hemingway and McDowall). It has been observed by 
Hoet and Marks that in animals dying after prolonged thyroid • 

' feeding or after hypoglycsemic convulsions th ere is no incre^ed [ 
a eidit y.„df:_ the„muscle,_yet .rigor ...occurs ; it 18“^ suggested that Hie V 
'"disappearance of glycogen rather t han increased acidityiisjcesponsible | 
To’r~t h~e~T)r oduction~'of~~figor'mortis, although in j)r di nary ri gor bot h I 
"o^m„t.o^tKer._' iiRigor bccursTiibst''feadily in''fatigued muscles, e.gH'l 
of hunted animals, in which the glycogen content is low and the j 
acidity high. vA-^uscle. poisoned with iodo-acetate which pre- i 
vents the formation of lactic acid remains alkaline when it goes v 
into rigor, ' 
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Chemical Composition of Muscle. 

The general composition of muscular tissue is : — 
n 

] Water . . . " . . . . 

I Solids 
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Proteins 



. 18 percent^ 

Gelatin 

Fat . 


• 

;}2to5 „ 

Extractives . 

, 


*. 0-5 

Inorganic salts 

. 

. 

. lto2 „ J 


75 per cent. 


25 per cent 


The extractives comprise a large number of organic substances, all present 
in small quantities, some of which are nitrogenous, such as^crea tine, ^creatinine, 
xanthine, and hypoxantlune : the rest are non-nitrogenous — namely, fats, glycogen, 
*gIuc6s^Tnb^fot, and^the variety of lactic acid known as sarcolactic acidl 
morganic salts are chietly^salts oLpQtassium,.especiall\n ptassium b hosnliate. 

By fractional heat coagulation and studies of solubilities in neutral salt solutions, 
Halliburton separated several proteins from muscle plasma — 

Paramyosinogen : a globulin which coagulates at 47° C. 

Myosinogen : a globulin-like protein which coagulates at 56° C. 

Myoglobulin : precipitated by heat at 63° C. 

I 3 

In addition there are albumin and myoalbumin, nucleoprotein from the nuclei, and 
,.h?Rmog lobin from the blood which, with similar pigments, e.g, cytochrome, fiive 
; muscle ite red^bmpr. U' a muscle be heated in saline while attached to sT lever it 
is^seen’To go into complete heat rigor in stages corresponding to these coagulations. 
Tliis shows that proteins of plasma are in the actual muscle substance. 

"The spontaneous coagulation of muscle known as rigor mortis^ which occurs at 
death, is the result of changes in the paramyosinogen and myosinogen. This 
coagulation of muscle protein corresponds to and is affected by almost the same 
conditions"?is~theb"bagulation of the blood, except that myosinogen passes through 
a soluble stage during which it is coagulated at 40° C. 
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INVOLUNTARY OR UNSTRIATED MUSCLE 

Unstriated muscle is responsible for' the movement of a large ' 
number of structures especially the tubes of the body. It is com- 
posed of long, iusiform j3ells_orJibr^ (fig. 29), which are not as 
a rule more than^^^inchnong. "^ach cell has an oval nucleus. 
The cell subs tanc.e.isJlong itudmall Y but not transversely striated, 
and is covered by a dehcate sheath. The fibres are umteony | 
cementing material, which is stained by silver nitrate, and is bridged | 
across by fine filaments passing from cell to ceU. ' 

Unstriated muscle is sometiines called plain or smooth muscle. 

^ ' .tsjlhg;_main difference between voluntary and involuntary muscle is 
the difference expressed in their names. Voluntary muscle is imder 
the control of that portion of the central nervous system whose 
activity is accompanied by volition. Involuntary muscle, unstriated 
• and cardiac, on the other hand, may contract independently, but is, 
as a rule, also under the control of a portion of the central nervous 
system whose activity is independent of volition. 

Another characteristic of involuntary muscle is a tendency to ; 
regular alternate periods of rest and activity, m rTiytlimicality* Thisf 
b^^ ex^plified in the’ heart, but it is present in all smooth i 
. muscle. In this respect it is like cardiac muscle'. Those smooth 
muscles commonly studied are those of the 'uterus, the large arteries, 
the intestine and the retractor penis (of the cat or dog). They are 
chosen because of the ease with which their movements can he 
recorded when they are removed from the body. In the body, how- ' 
ever, it is possible to devise means of recording or observing the 
movements of many of the internal organs, but their reactions are 
usually complicated by their environment. : 

The usual method of studying smooth muscle is to suspend it 
in a bath of Singer’s solution {i.e. a saline solution of certain com- 
position) which is kept at the temperature of the animal from which 

* Under special conditions, voluntary muscles may show rhythmicality. If one 
end . of the sartorius of a curarised frog is dipped into A'edernjnwn’s/uid, it contracts 
rhythmically in a manner . analogous to the heart This fluid has the following 
■ composition Sodium chloride 5 grams, alkaline sodium phosphate 2 gr., sodium 
carbonate 0 ’5 gr., water 1 litre. - 
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the preparation has been derived and through which oxygen is 
bubbled. (See Method of Studying Intestinal Movements.) 

This method is used extensively ' in the case of the guinea-pig’s 
uterus upon which dimgs like pitmtary extract are standardised. 

It is indeed possible to obtain nerve muscle preparations of 
unstriated muscle such as those used by MeSwiney, by Eobson, and 
by Einkebnann. These workers used pieces of stomach and of 
intestine with the vagus and splanchnic nerves attached. 

Tim properties of imstriated muscle have been studied particularly 
by Evans, by Brocklehurst, and by Winton. The exci tability of 
unstaiated_ muscle.- is much l ess t o .electrical .stimuli . th aiTsIriate d 
muscle. Single induction shocks are often ineffectual in producing 
contraction while the make of a constant current may act as a 
stimulus. The break is less effective as it is of shorter duration. 
The chronaxie of unstriated muscle may be from j._:;3......,sec./ 

compared with '005 sec. for striated muscle. On the other hand? 
it responds much more readily to chemical stimuli than striatedjj 
muscle. 

Successive effective stimuli are summated very markedly, a com- 
pletely fused response corresponding to a tetanus being obtained by 
very slow stimuli — al 30 utj-i n 10 secs. ;The duration of the ordinary 
isotonic response is often very long, but varies very much in different 
tissues and animals. 

Unstriated muscle in the body e.xhibits the remarkable property 
of going in a Jistaoicsl ike sustained contraction know n as ton us. 
A severe variety of tins may occur in the case ofTEe large cqlmi 
when it becomes very irritated and may cause very great pain, it In 
some persons whose abdomens are thin and lax the contracted colon 
may be felt like a sausage under the hand,,! After the foetus is born 
such contraction of the uterus is a most iihportant asset in arresting 
hremorrhage. It occurs also in blood-vessels. 

jThe fibres of unstriated muscle are not isolated from each 
other like those of striated muscle but are linked together into 
masses or sheets. A graded response to different strengths of 
stimulus is therefore not obtained and there is a tendency for the 
contraction to spread throughout the whole muscle. Why it is 
sometime? limited to one region, as in the instance just quoted, is 
unknown. \ 

Unstriated muscle is markedly affected by compression or stretching 
which acts as a mechanical stimulus. The tension which the muscle 
develops when it contracts is, as in the ease of striated muscle, greatly 
increased by an ‘increase in its initial length. The powerful con- 
tractions of the intestines which are caused by saline purgatives are 
produced by the stretching which is^ the result of the saline attracting 
water into the lumen of the gut. /Vegetables and fruit, the cellulose 
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of which is not digested, benefit intestinal movements in the same ' 
way. The uterus may be caused to contract by compressional ’ 
massage, a procedure commonly adopted.f ' 

Within physiological limits unstriated^ muscle is generally relaxed i 
byiJ^ra~TacrwKich ~is~mac[e use' of climcaHylFTEe" relief of ' 
spasm. Cold tends to cause contracti on, as do also rapid changes ^ 
of tempe^ui’e. ^ 

^Ithough smooth muscle contracts independently when isolated 
from the nervous system its contractions tend to be irregular and 
spasmodic. In the body the smooth muscle of organs is controlled 
by nerves belonging to the autonomic nervous system. In this way 
their activities are correlated to the general requirements of the body. 
There is invariably a dual nerve supply, one of which is inhib itory 
and the other augmentary . The exact action of tEesemerves has by u 
no means yet been worked out and is greatly complicated by the 
fact that not only may the same nerve have different actions on 
different organs or parts of organs but the action may depend very 
materially on the state of the organ at .the time of experiment, as 
shown by McSwiney and his co-workers. 

Illustrations of the activity of the smooth muscle of the 
alimentary canal are shown in relation to the movements of the , 
alimentary canal in a later section.^ 

The thermal and chemical changes which occur in unstriated ■ 
muscle are, so far as has been ascertained, essentially the same as 
those of striated muscle. tA particularly interesting fact is, however, 
that the s ustained_coiLtr action known as tonus apparently tak es 
place Jvi th no in cr.eas.ed-expenditure.of-energy,.nor is there apparently . 
fatigue:\\ _ , 

/A. similar sustained and very economical form of contraction ,js 
sCen in the mechanism which keeps the shell of an ordinary mussel, 
shut, and also in the rigidity which occurs in the extensor muscles 
of the hmbs of animals when the higher parts of the brain are 
removed. In the latter case a small amount of extra energy is used 
(Eoaf, Dusser de Barenne), but in the case of smooth . muscle or 
of the mussel no additional energy as estimated by its oxygen 
consumption is us^(i! 

The phenomena of r igor morti s Stl involuntary muscle have not 
been so fully studi^'~as in voluntary .muscle. It has, however, 
been shown that the chemicd^_cqmposition...of„inyoluntary -muscle 
differs in no _ ji otewor th v~*manner ..from _ th at of vol untar y, musc le, 
^"on^'death t he_m.uscle-beeomes-aGid ; such ■ products as carbonic 
acid and sarc^actic acid are formed. In the. stomach, uterus, and 
rectum, post-mortem rigidity has been noted, and it probably occurs 
in all varieties of unstriped muscle, but commonly this may be due 
to the fall of temperature. , 
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CAEDIAC MUSCLE. 


The muscle-fibres of the heart, unlike those of other in- 
voluntary muscles, are striated : but although in this respect they 
/ " resemble the skeletal muscles, they have 

" "u ■ ' ' ' \ several characteristics of their owni The 
/ fibres, which he side by side, are ..united at 
' frequent.interyals.by shprtbrancheiXfigr28)j'" 

^ which has a considerable bearing on 
their function as it ensures-that large masses 
of muscle, in most cases the whole heart, 
i-'Y:;/ contract at once. The fibres are smaller 

'"1 those of the ordinary striated muscles, 

/""i /V n'..// , their transverse striation is less clear. . 

:^d yp— sa rcolemma can be dis cerned. Each y 
jg.y fibreJb aToinvoni nucleu s...^vluchus,situated/ 

. / " FY / /oYi; / i i in J;he-middle of its subst ance . At the 
\ junctions 'ofTIrnTTBresTEere^s a certain' 

' amount of cementing material, stainable 

F.o. 2 s.-soctionottortma..ci.. nitvato. This is bridged across 

by fine fibrils from cell to cell. 

The structure of cardiac muscle gives it very important 
physiological properties which are more properly studied later in 
relation to 'the heart ' \ ■ 


Fio. 2S. — ijcctlon of heart mu.'^clc. 



Fig. 2D.-~Drav.'ing of a fioctloa of smooth Fio. SO.— Drawing of a section of striped 

muscle. Above the .section* is trans- muscle -fibres, 

verse, b^jlo tv longitudinal. 
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DIFFERENCES BETWEEN THE THREE TYPES OF MUSCLE. 

The differences between the three types of muscle are indicated 
in figs. 29 and 30 and in the following table : — 

Varieties of Muscle, 

Voluntary. Involuntary. . Cardiac. 

Cross-striped separate No cross striations, also Cross-striped fibres con- 
fibres. called smooth muscle. nected together. 

Under voluntary control. Not under voluntary Not under voluntary 

control, control. , 

Not normally rhj’-thmically Slow rhythmical contrac- Rapid rhythmical con- 
contractile. tions. traction.. 

Controlled by the pyra- Controlled by the auto- Controlled by the auto- 
midal system of nerves. nomic system. nomic system. 

Not much affected by Easily affected by drugs . Easily affected by drugs, 
drugs. 

Contraction of individual Contraction of groups of Contraction of whole 
fibres (all or none). fibres heart (all or none) in 

the lower animals, 
frog. 
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THE NERVOUS SYSTEM 

The Structure and Function of a Nervous System 

However simple, or however complicated, the nervous system 
throughout the animal kingdom exists for the purpose of co-ordinating 
and adapting the acti'^dties of the animal to its environment, and 
for the internal regulation of the mechanisms of its body. 

A nervous system, therefore, consists essentially of afferent 
nerves which collect impulses from the outside world or from 
internal organs and transmit them to centres where they are 
co-ordinated, of intermediate or connecting fibres, and of eferent 
nerves wliich distribute impulses to the different parts of the body. 

The degree of development of the nervous system in different 
animals varies enormously according to their needs. It is relatively 
simple in the lower animals which are not endowed with much power of 
complicated movement, while it is very elaborate in the higher animals 
in which there is adaptation to a vast variety of circumstances and 
activity. 

In each instance, however, the basal anatomical unit is the same, 
namely, the neurone, that is the nerve-cell and its processes or 
nerve-fibres, bundles of which form what we call nerves which we 
dissect. By some of its processes the nerve-cell receives and by 
others sends out messages. The processes of one cell form a 
synapse (literally clasp) or come into close contact with the 
processes of other cells, so that messages or nervous impulses may 
pass from one neurone to another as shown in the following diagram. 
This division of the nervous system into neurones was originally 
based on histological evidence. Ho sign of an actual connection 
between nerve cells could be demonstrated, but its occurrence was 
not entirely disproved until it was shown that nerve fibres cut 
off from their parent cells only degenerated as far as the nearest 
synapse. It has now been shown that this region of the synapse 
has a very important physiological function which is discussed later. 

In order to permit an efficient interchange of impulses, certain 
nerve-cells and fibres have been collected together into large masses 
which constitute the central nervous system. This system has 
been compared, very aptly, with the central telephone exchange of 
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a town through winch one part may be connected with any other. 
This comparison is, however, very 
Tough as it does not take into account 
consciousness, which depends, on the 
activity of the brain. 

In vertebrates, the central nervous 
system consists of the . brain and 
sp inal cord.- 

Suppose one wishes to move the 
arm : the efferent impulse starts in the 
nerve-cells of the brain, hut there are 
no fibres that go straight from the 
brain to the' muscles of the arm. 

The impulse travels down the spinal 
cord, by what are called pyramidal 
fibres, which form synapses with 
the nerve-cells of the spinal cord; 
from these cells fresh nerve-fibres 
carry the impulse to the arm- 
'rnuscles. The path is shown in 
the’ accompanying diagram (fig. 31). 

The cell of the motor cortex of 
the brain is represented by C.O., 
and its fibre (axon) by P.F. This 
passes into the white matter of the 
brain, and travels down the brain 
stem and spinal cord until it reaches 
the part of the cord which controls 
the arm movements, where it ter- 
minates by arborising round small 
internuhcial cells (P.C.O.) which form 
a second relay ; thence the impulse is 
transferred to the large motor-cells 
(A.C.C.) whose nerve-fibres pass out 
to the muscles where they end in 
specialised end plates and where, it 
is believed, a chemical substance is 
produced which acts on the muscle 
fibres. There is as it were a system 
of relays by which the impulses* are 
distributed to different parts of the 
body. 

One cell may, by means of its - 
processes, be connected with several other cells. For example, the 
cells in the spinal cord receive messages not only from the brain but 


PRGO 


PCC 



Muscle 


Fig. 31. — ^Diagram of tlie neurone of the 
motor path; For simpifi cation the axon 
from PRGG is shown to synapse with 
the same intenmncial cell PCC as the 
fibre of the pyramidal tract. JThis 
probably does not actually occur. ACC 
is a cell representing one of a large 
motoneurone pool in the region of the 
anterior horn. v 
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also from other parts of the body (fig. 31). If' the finger is pricked 
an impulse is set up in an afferent nerve or process of a sensory cell 
and is transmitted to the spinal . cord, whence it is relayed to the 
muscles which cause the arm to be withdrawn. This .is known as 
a reflex act since it does not involve any conscious effort but occurs 
quite automatically. 

The nervous structures involved in such an act we call a reflex 
arc, and consist of a receiving organ and afferent nerve with its cell, 
an intermediate or connecting nerve and its cell, and an efferent 
cell and its fibre by which the impulse is sent out to the organ 
activated, y-'' 

We shall see that many of the activities .of the' body are 
brought about in this way and that the reflex may be looked 
upon as the physiological unit of the nervous system. We shall 
return to this subject later in considering the Central Nervous 
System, but meantime these facts must be kept in mind, since 
many of the processes of the body, the circulation of the blood, 
are largely controlled by such reflex mechanisms! 

For the detailed structure of nerve cells and fibres the 
student is referred to text-books of Histology. 
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PHYSIOLOGY OF NEUYE 

The nerves which we dissect and study are bundles of processes 
from nerve cells. Each cell gives off a long process or axis cylinder 
which is the essential conducting medium, but some nerves, the 
medullated nerves, have a surrounding myelin sheath which stains 
with osmic acid, and outside this another thinner sheath, the 
neurolemma. Non-ruedullated nerves have no medullary sheath. 
On section a nerve is somewhat reminiscent of a compound electric 
cable the fibres of which are insulated from each other and which 
are bound together into bundles. 



Fio. 32.— Transverse section of the sciatic nerve of a cat, about X 100. It consists of bundles 
(Juniculi) of nerve-fibres ensbeatbed in a fibrous sheath, epineurium^ A; each bundle has a 
special sheath (not sufficiently marked out from the rpincnrium in the figure) or B ; 

the nerve-fibres N J are separated from one aiinther by rndoruurium ; L, lymph spaces ; Ar, artery ; 

V, vein ; F, fat. Somewhat iliagrammatic. (V. D. Harris.) 

Nerve fibres vary very much,, in size, a. fact which is related to . 
their function, as the larger -fibres, of the order of 15-19 ^ which are! 
found iii'tlie spihal nerves supplying the voluntar y, m uscles, conduct \ 
impulses most rapidly^ Snialler“fibres,'"whicH may he i’8 /i to 3 ‘6 /x, \ 
exist in the autonomic part of the nervous system. They carry ‘ 
messages to the viscera or internal organs and for the most part 
are of the non-rdedullated variety. 
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beginning of the second week of degeneration onwards. Except 
for precocity in the immediate neighbourhood of the wound, the 



Fig« 33.- Degeneration and regeneration of nerve-iibres. A, Nerve-fibre, fifty hours after operation; 
my, medullary sheath breaking up into myelin drops ; p, granular protoplasm ; n, nucleus ; y, 
primitive sheath or neurolemma. B, Nerve-fibre after four days ; cy, axis cylinder partly broken 
up and enclosed in portions of myelin. G, A more advanced stage in which the medullary sheath 
has almost disappeared ; numerous nuclei, it", are seen. D, Commencing regeneration ; several 
fibres (t'j t") have sprouted from the somewhat bulbous cut end (6) of the nerve-fibre; a, an axis 
cylinder which has not yet acquired its medullary sheath ; s, s', primitive sheath of the original 
fibre. (Ranvier.) 

degeneration occurs simultaneously throughout the whole extent / 
of the peripheral stump of the nerve. 


. ^^^Chemistry of Nervous Tissues. 

Nervous tissues contain 65 per c ent, to 85 per cent of water . The first careful 
study of this subject we owe*To HalHlkrrtairwho^oweci that grey matter contained 
a smaller proportion of solid (16*5 per cent) than white matter (30 per cent). He 
showed that in the cerebral grey matter the percentage of protein in the solids was . 
highest (51 per cent) and consisted mainly of nucleo-protein. 

Fat-like substances are also more ..abundant in non-medullated nerve than in 
medullated. In the former, as percentages of total solids, there occur cholesterol 
cent., lecithin'9*8 per cent, kephalin 23*7 per cent apd galactosi de5r~6 -perA 
cent'^y anous salts anH‘ex£ractiv^are~also present; - * ' 
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I When a nerve degenerates the solids become less, in particular the phosphorus 
I content decreases greatly in three .weeks. 


R^eneration of Nerve-Fibres. 


_ The histological appearance of a degenerated nerve indicates 
that there is a breakdown not only in an anatomical sense, but 
in a chemical sense also. As degeneration proceeds, frozen sections 
made after formol fixation gradually lose the binefringence which 
is characteristic of normal myelin. The first changes can be detected 
six to twelve hours after the nerve has been cut, and provide a 
very delicate test of early degeneration. Staining reactions also 
change, though these are not consistently visible until at least, two 
days after the nerve has been cut. The reactions most commonly 
employed are those originating from the technique of Marchi. 
Intact medullary sheaths blacken in osmium tetroxide (in virtue 
of the contained phosphatides) but not if the nerve is treated with 
an oxidising agent (potassium bichromate in Marchi’s method),, 
which is usuall}' mixed with the osmium tetroxide. Degenerate 
medullary sheaths on the contrary blacken even in the presence 
of an oxidising agent. In the later stages of degeneration the 
Marchi reaction is not obtained,, because the broken-do^vn globules 
have by that time been absorbed/ 

X, .-Aiter a nerve has been divided, function may be restored by 
axis-cylinders sprouting from the central stump of the cut nerve, 
entering and growing down the degenerate peripheral stump, and 
re-establishing connection with the receptors and effectors. .There 
was formerly much controversy about the origin of the new axis- 
cylinders, many workers holding that they were formed in situ 
t in the peripheral portion. Modern silver methods of staining the 
young axis-cylinders, however, show clearly that they come from 
; the central stump, and this is supported by observation on living 
I rnaterial, -which is possible in tadpoles (WiUiams, Speidel). 

All recent work has indeed confirmed the older work in this 
/respect, notably that of Halliburton, who showed that the regenera- 
•tion of nerve could be prevented by putting a -gutta-percha cap 
•on the central stump. He a'nd Mott .also showed that if after 
regeneration the nerve be cut again more peripherally degeneration 


occurs only on the peripheral side of the second cut. • 

The work especially of J. Z. Young and of jAbercrombie indicates.;.'^*; 
that the following changes occur. 

The outgrowth from the central stump, which occurs ‘ mainly ^ 
; from the beginning of the second week after .the lesion onwards, 
i takes place by an outflow of the material of the axis-cylinders, so 
that the latter shrink in diameter (Gutmann and Sanders). .Each 
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axis-cylinder as it flows out. splits up, into a large_number (up to 50 ) 
^_^ie -fibrjls. MeantirSFT;fle“neiirblemmV-.celis''-6^^ the peripheral ' 
end liavel5een very active. . ' j 

Eamifying chains of Schwan n., cells grow out from the mit. 
su rface 9 f the peripheral . stump, and are responsible for bridging 
most of the gap bet\yeen the two stumps; but they can only reach 
the sprouting axis-cylinder flbrils and Schwann cells of the central 
stump (which by themselves do not grow far)' if the gap is not 
too large. Once the .regenerating axis-cylinder, fibrils meet these, 
chains of Schwann cells they grow rapidly and with little deviation 
along their surfaces, and are hence directed into the peripheral 
stump. In the peripheral stump the regenerating fibrils extend 
rapidly (the fastest at the rate of about 3 J mm. a day) down the 
persistent neurolemma tubes, which are more or less filled with 
proliferated Schwann cells. The regenerating fibrils are thus led 
to the places previously innervated by the nerve. Each neurolemma 
tube receives several of the regenerating fibrils ; there may be^ 
25 in the larger tubes. 

Eunetional recovery depends on the re-establishment of , .correct... 
peripheral connections for an adequate number of fibrils. Th eX . 
fibres-must . f ur ther return to approximately them correct diameters, | 
on w^hich depend their conduction velocities. /In crossing the gap 
between' central' arid peripheral stumps theWegenerating fibrils 
inevitably become muddled up, and whether they both find tubes 
which permit them to expand to their right diameter and reach ■ 
appropriate end-organs depends apparently on chance. The large - 
number of fibrils into which an original axis-cylinder splits as it 
regenerates greatly increases the probability that each axis-cylinder 
will eventually establish at least one connection with an appropriate 
end- organ via an appropriate tube. -The large number of new fibrils 
in each tube are later gradually reduced to few or one. Those which 
fail to make any peripheral connection apparently disappear ; and-^ 
some of those which make inappropriate connections may also be ■ 
eliminated. But many inappropriate connections, as well as multiple ^ 
connections of a single axis-cylinder (resulting from the branching 
during regeneration) persist. And since in these circumstances 
relearning seems to be impossible, perfect functional recovery after.' 
a nerve has been completely divided probably never occurs. A If’ i _ 
a nerve has only been crushed, in such a way that the neurolem'ma 
tubes remain int'act, muddling of the axis-cylindefs 'ca'hnot' occur 
in the injured region, and recovery of function may be cdniplete.' 

The intrinsic fibres of the central nervous . system Which" have 
no neurolemma . seein . to have only a small capacity for sprouting 
after injury ; in the adult brain perhaps none at all*(Le Gros Clark). 
Further,' the absence of Schwann cells and of neurolemma tubes 
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means tliat even should sprouting occur (as for instance in the 
regeneration of a dorsal root) there are no pathways to encourage 
and direct the growing axis-cylinders. 

Eegeineration leads to a complete recovery of function on the 
.average in from three to twelve months, depending on the length 
.. "of the nerve and provided the muscles have been prevented from 
; degenerating by electrical stimulation and massage. It grows at 
about the rate of 1 mm. per day. Sensation returns by stages, crude 
sensation returning earlier than finer detailed seipsation, but the 
exact cause of this is still under discussion (see General Sensation). 
Eeviews on the subject have been made (Eossi and Gestaldi, 19i3, 
and Yoimg, 1942). 

Nerve Crossing. 

It has been found possible to attach the centre end of one nerve 
to the peripheral end of another and to secure complete regeneration 
■of the peripheral end and its function. This was well shown by 
. the experiments of Kennedy and of Langley. The former cut in 
a dog’s thigh the nerves suppljdng the flexor and the extensor 
muscles, and sutured them together crosswise. Eegeneration of 
structure and restoration of function occurred as quickly as when 
the central ends were united to the peripheral ends of their own 
proper nerves. On examining the cortex of the brain in those 
animals in which nerve-crossing had been accomplished, it was 
found that stimulation of the region which in a normal animal gave 
flexion, now gave extension of the limb, and vice versa. 

A series of equally important experiments was carried out 
by Langley, in which he showed that the nerves that supply 
involuntary muscle behave in the same way. These nerve-fibres 
will, under certain experimental conditions, terminate by arborising 
round other nerve-ceUs than those with which they normally 
form connections (synapses). It will he sufficient to give one 
tj'pical experiment. If the vagus nerve is cut across in the neck, its 
peripheral end degenerates downwards if the ceridcal sympathetic 
is cut across below the superior cervical ganglion, its peripheral end 
degenerates upwards, _as far as the ganglion. If subsequently the 
central end of the cut -vagus is united to the peripheral end of the 
cut sympathetic, in the course of some weeks the vagus fibres grow 
into the sympathetic and form synapses round the cells of the' 
superior cer'vical ganglion, and stimulation of the united nerve now 
produces such effects as are usually obtained when the cervical 
sympathetic is irritated ; for instance, dilatation of the pupil, raising 
of the upper eyelid, and constriction of blood-vessels of the head and 
neck (fig. 34). 

Such experiments as these are important because they show that 
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though the action of nerves may be so different in different instances 
(some being motor, some inhibitory, some secretory, some sensory, 
g kat occurs in..the _jergB--tr.unk-itseIf-_is_al 3 va ys the same ; the 
difference. of- action is due, to, difference either in the origin or dis- 
tribution „of„ the .nerve-fibres. The familiar illustration in which 
nerve trunks are, compared to telegraph wires, is a helpful one. The 
destination of a. certain group of telegraph wires may be altered, 
and the alteration may produce different .consequences at different 
places,; the electric change in the wires would, however, be the 

A B C 



Fio. 34.— Diagram to illustrate Langley’s experiment on vagus and cervical sympathetic nerves. In 
A, the t\vo nerves are shown intact ; the direction of the impulses they normally carry is shown by 
arrows, and the names of some of the parts they supply are mentioned. In B, both nerves are cut 
through. The degenerated portions are represented by discontinuous lines. In C, the union 
described in the text has been accomplished, and stimulation at the point a' now produces the same 
results as were in the intact nerves (A) produced by stimulation at a. 

same throughout. So the nerve impulse is always the same sort 
of molecular disturbance ; if it is made, as in the experiment' just 
described, to go by a wrong channel, it produces just the same results as 
though the impulse had reached its destination .by the usual- channel. 

Effects of Stimulation. — Excitability and conductivity are • 
appreciably influenced by stimulation, and Waller, who first made 
the suggestion, considered the effect to be due to the small amount 
of CO 2 produced. Until 0'015 of a second after stimulation the 
excitability of the nerve is decreased; indeed, for 0’003 sec. it will 
not respond at all ( absolute refr.actory_p_er.ip.d.') .- The excitability 
returns to normal ov ’ slightly above, but later there is a period 
of subnormal respdnsitivity corresponding to the period of positive 
after-potential. This period is held by Gasser to explain the 



PHYSIOLOGY OF NERVE 


62 


[CH. VIII. 


phenomenon of inhibition and to be fundamental to the normal 
activity of the nervous system. 

These facts in relation to excitability give us an idea of the 
maximum number of impulses which can pass along a nerve 
in a given time. ' 

/ The relative absence of fatigue in a nerve, as in the heart, is 
I probably due to the fact that it is not acting continuouslyvbut 
j intermittently, and during the resting period, although this is 
< extremely short, it is able to recover. It is interesting to note 
‘ that, as would be expected from the large heat , production, crab 
nerve is fatigued comparatively quickly (Hill). An experiment to 
demonstrate the relative unfatigabiliby of nerve is given on p. 71; 

This is not to say that other nerves are absolutely unfatigable. 
';| After prolonged stimulation a diminished irr itability, reduced current 
pf.action, a nd . in creased-xefr.^pryi pl3as yi s~dbt aihable.~ burin spite 
" m TlTeselcEan^ a nerve will still continue to conduct. It is as 
if there was some form of adaptation to fatigue. 


h ’ : 

The Nature of the Nerve Impulse.'' ' 

r,‘ Wlien a n erve is stim ulated the change produ ced .in it is known 
'As the nervous impuFse: tKis~excitatory process travels a long the 
' j; nerve ancTthe pfopagation'~bmie change is evident from the effect 
I which foUows, e.g. sensation, secretion, movement, bu t t he nature, of , 
, the change produced in or on the nerve itself is,flike the intimalje , 
nature of muscle contraction^ unknown. , '[' k..\ 

It is, however, clear that! while there may be several superficial 
resemblances, a nerve is not merely a conductor of impulses, as 
a wire is of an electric current. The most 'important fact which 
makes a simple physical . view . difficult is that conduction in a 
nerve apparently depends on some vital activ ity, as it is abolished 
by anaesthetics. Moreoyer, the verocity~of the nerve impulse, 

' which is much less than that of an electric current, is influenced 
by change of temperature much more than a purely physical process 
would be (Maxwell, Keith Lucas). 

It is important to emphasise that whatever the nature of the 
nerve impulse, the impulse is sel f-prop agatingA iomewhat like the 
combustion in a train of gunpowder when ignited,t^although admittedly 
this convenient analogy is a very crude and erroneous one.;| Adrian 
has shown that if the conductivity of a nerve be locally damped down 
by placing a segment in a chamber of alcohol vapour, the impulse as 
soon as it reaches an undamped region flares up to' its original 
strength as judged by its effect on the attached muscle or the 
extent of the electrical change set up (see below). It was originally 
thought that there was a gradual fading out of the impulse (conduction 
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with decrement) in the chamber, but it has now been shown that } 
the daraping is more abrupt (Kato, Davis, Forbes). Nerve conduction ! 
is abolished by freezing, by COg and ansesthetic vapours, and by 1 
the passage of a constant current which presumably acts by setting | 
up a movement of ions in a given. direction. . ’ ! 

It may also be b]ocl^iLJenrpm'axiLy_hy_..gentls._com 
This occurs sometimes as a result of .tumours. In this connection, 
too, it^ is interesting to note that in a mixe d nerve, motor fibre s 
. - are more easily bl ocked-..than-se5soVy^ Tlie*fibres carrying pressure,” 
cold, heat .^nd pai n .are block ed iu-th at orde r? Chemical agente”bioek 5I 
in the reverse order. No doubt this is. a matter of the different sizes f 
of fibres. - 

The Changes which occur in Nerve during Activity. — These 
are elec trical, chemical, and therm al, as in muscle. 

T/i(y Electrical Change. — The current of action of nerve like - 
. that of muscle may be demonstrated by means of non-polarisable 
electrodes and a string galvanometer or cathode ray oscillograph 
after amplification by means of thermionic valves . Although at 
first simply a curiosity this change of electrical potential has been ^ 
sho\vn to be of more interest than at first thought. It is propagated ]• 
'at the same rate as the. impulse, it is present in every nerve that;! 
conducts and is depressed by all agents .which depress conduction. | 
Its size may be taken to represent strictly the size of the impulse ;l , 
indeed, so closely related is the change of potential to the impulse 
- that there are many who believe that the former is indeed the nerve 
impulse itself. (See “The Nature of the Nerve Impulse.”)' Our 
knowledge of this subject we owe largely to the studies of Erlanger 
of St Louis, U.S.A., and Gasser of the Eockefeller Institute, who 
have shown that it gives rise to a wave whiclj ' has a characteristic 
. , and immutable shape. 

I If one electrode is placed on the nerve and the other earthed and 
/! the nerve stimulated by applying to it a hot wire, to avoid electrical 
complication, an initial abrupt and large negative wave, which 
ii' may be as much as from 25 to 50 millivolts, is recorded. This 
^ is known as the sp^ It not only falls off rapidly but is followed 
f by waves of negative and positive after potential. Its general 
form is not imlLke that already ■ figured for the current of action ' 

, of muscle but the spike is sharper and larger (see fig. 22). ,v 

■ While it is clear that conduction of an impulse depends on the ,|j 
,state of a vital structure, the nerve, there is increasing evidence that f; 
the impulse is itself a, physical, process — - , ' ■ _ -.i 

Liiliehas made an interesting model which in many ways imitates 
the conduction of a nerve impulse. If a piece of iron wire is placed 
in a solution of nitric acid with a specific gravity over 1‘2, a thin 
film of oxide is formed- on its surface which protects it. If now 
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the wire is “stimulated” at one end by the usual means, it 
becomes black at that place and efiervesces for a short period. 
The activation propagates itself to the other end like a nerve 
impulse and tlie wire cannot be activated again for a given space 
of time, i.e. it has a refractory period and gives all the phenomena 
which are found in nerve, except of course its vital reaction, 
e.ff. to drugs. A constant current has the same effect as on a 
nerve. If a circle of wire of sufficient length is used, the wire 
goes into a continuous cyclic disturbance which is most fascinating. 

Lillie’s experiment has given rise to a number of theories as 
..I'hc.nature of the impulse of which by far the most important is 
the view tha^ijijs a change of potential due to xlep^nsatign which 
passes down the siYrface of the axis-cylinder. If,- forY~example, 
the surface of the nerve-fibre at rest consisted of a monomoleculai" 
film of fatty acid and was positively • charged while its interior 
w'as maintained negative by the oxidation processes going on — a 
state commonly found in living things — it would be conceivable 
that any physical disturbance of the surface, such as that brought 
about by stimulation, would bring about a depolarisation or equalisa- 
tion of potential between the surface and the interior which would 
spread to the adjacent polarised region. An alternative view is 
that the current of action, once set up, acts as a stimulus to adjacent 
parts after the manner of a train of gunpowder. 

The subject is a fascinating one and its importance is obvious 
although a true explanation is not yet available. It will be -seen 
that any of the physical hypotheses include the self-propagating 
nature of the impulse. 

Ohemical Changes . — The idea that there was definite metabolism 
in nerve was first advanced by Waller, and all subsequent work has 
confirmed his suggestion. ) Indeed it has been shown that resting 
nerve, if placed in suitable solutions, utilises carbohydrate and fat, 
while’ the giving off of ammonia indicates protein metabolism also. 
It has been shown that small amounts of carbon dioxide are 
.produced and that for .continued activity oxygen is necessary. Like 
'muscle, nerve can function for a time in the absence of oxygen, 

: and although, _ for nerve, this period is considerable it is not 
i unlimited. If the nerve be frequently stimulated in an atmosphere 
of COj or an inert gas, it ceases to conduct; but it recovers with 
extreme rapidity when again exposed to oxygen or air. During 
the inactive period not only the physiological response, e.g. the 
contraction of muscle, disappears, but also the electrical change. 
Both, however, return with the return of the other signs of activity. 
Anfcsthetics, which dissolve in the lipides, of wliich the nerve is 
largely composed, appear to act by stopping oxidative processes. 

Thermal Changes . — It is only recently that it has been possible 
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to -demonstrate the small amount of heat produced by nerve ; its 
presence had been ' assumed because of the chemical changes. 

! A. V, ‘Hill succeeded in doing this, using a thermopile with 300 
constantan (an alloy of copper and nickel) and silver junctions 
. which ■'rs''capable of recording changes of less than a millionth of 
a- degree of temperature. The effect is intensified by placing a ' 
bundle of nerves on the thermopile and utilising an extremely 
delicate galvanometer system. He found evidence of heat produc- s 
tion.-np^only, during theicpnduction of the impulse. but. also. during 'j 
■the..'^ec^ery period, .as .in. muscle. . The heat production in some 1 
. of the nerves of crabs has been found to be relatively large. 



The evidence is now very complete that nerves do not act on ■: 
tissues directly, but through the agency of chemical mediato rs. I' 
especially acetyl-choline. \ \ 

The chemicaT nature of this substance and its general activity 
is given in .a separate section (see Acetyl-choline). 

The first suggestion of the occurrence of such humoral trans- 
mission came from Loewi, who found that, when the heart is slowed 
by stimulation of the vagus, a chemical substance is produced which 
will slow another heart. This, is found to be due to the., liberation j 
■ of acetyl-choline, a substance long known to slow the heart and j 
to dilate blood-vessels, jits chemistry is discussed in a separate I 
section. ,' The exact conditions under which the fluid leaving a slowed 
frog’s heart perfused with saline can be caused to slow a second 
■ heart ha^fe been worked out by Bain, who has shown that the exact 
• hydrogen-ion concentration of the ..perfusion fluid , is very important, 
otherwise". th"e acetyl-choline is destroyed.-- The action of the acetyl- 
choline is prevented by, the drug atro pine , but it can be shown that 
it is still produced, for if the atropine is painted on the first heart 
only the second heart still slows when the nerve to the first is 
stimulated although the first does not. The drug eserine (physo- 
stigmine),' on the other hand, prevents , the destruction of. the 
acetyl-choline and prolongs its action. This action of eserine in 
assisting thh actibn of choline had been discovered by Thomas 
Fraser , many years before in his studies of drugs in pursuit of 
. pure knowledge, but at the time it 'Seemed of no importance. ^ 

Vasodilatation by nerves has also, been shown to be similarly i 
pf odu^HT^ Lewis has put forward evidence that the - blisJers_of ‘I . 
herpes (shingles), a condition due to inflammation of the posterior J' 
root ganglia, are caused by the production of a histamine-like, j 
. “ H ” substance in the skin (see Capillaries) ; while ^ale and ; 
Gaddum have .recently found- that th e vasodilatat ion produced by , j 
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? stimulation of vasodilator nerve s is due to acjetyl-oholine, and they 
explain the 'absence of action of atropine in such vasodilatation by 
i the suggestion that the atropine cannot reach the acetyl-choline 
^ before it stimulates' the muscle. . 

It has since been shown by Dale and his co-workers (Brown 
and Feldberg, 1935) that acetyl-choline is produced at the nerve- 
endings of the ordinary somatic nerves, but hitherto its very rapid 
destruction in the blood caused it to escape notice. Attention was 
drawn to the possibility of its importance in relation to somatic 
nerves by the treatment of the disease myasthenia gravis with 



• Fio. 85.— Motor end-plates ; chloride of gold preparation to show the axis-cylinders and 
their final ramifications of fibrillie. x 170. (Szymonowicz.) 

prostigmine (Walker). Patients suffering from this fatal disease 
may be too weak to feed themselves, but the injection of prostigmine 
renders them almost normal for a few hours. Dale' with his 
colleagues showed that the injection of acetyl-choline into the blood- 
vessel supplying a muscle causes it to twitch just like the stimulation 
of its nerves. In order to produce this result, however, the circulation 
must be arrested temporarily and the injection made at close range. 
Also eserine, which prevents the destruction of acetyl-choline, greatly 
enhances the response to a single motor nerve volley, while the drug 
has mo such effect on the response of denervated muscle to direct 
stimulation. 

Evidence points to the acetyl-choline being liberated in the 

/ * Prostigmine is a substance like eserine. The effects of acetyl-choline 

( generally are augmented by minute doses of adrenaline. 
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region of the motor nerve-endings or plates which have a peculiar 
structure. 

The-JierYe -hbre...hranohesJbw o or three times, and each branch, 
goes to a muscle -fibre. Here the neurolemma becomes continuous 
with the sarcolemma, the medullary sheath stops short, 'and, the axis 
cylinder breaks up into terminal ramifications. 

It now seems Ukely that many of the phenomena which we have 
noted in relation to muscle are explicable as due to the accumulation 
of, acetyl-choline at the nerve-endings, especially the effects of 
summation and the genesis of tetanus. 

Some sympathetic nerves have also been shown to liberate a! 
chemical substance sjmjLaibhim "which ha£M a flmdst' identicals' 
with'that'of adrenrLTifi.e'and'the opposite action to acetyl-chpline. ~ |' 
■ /iFmkleman demonstrated that when a ‘piece of intestine con-' 
tracting rhythmically in a trickle of oxygenated sahne is inhibited 
by' stimulating its attached splanchnic nerve, there passes into 
the saline a chemical substance like adrenaline, which inhibits the 
moverdents of another piece of intestine. Later on. Cannon brought 
forward evidence to show that, when blood-vessels are caused to 
constrict by nerves, a similar substance is produced which acts like 


adrenaline on the heart.; 

Humoral transmission may also occur .within the nervous system 
itself, for if fluid is passed through the superior cer-vdcal ganglion, 
and the sympathetic stimulated, acetyl-choline is released into the 
perfusion fluid. It has bng been known that sympathetic, .ganglia 
were particularly._richTinTch'oline.“'Potassium is''alko released, but 
the significance of the fact is not yet understood and the whole 
subject is much debated (see Eccles). The release probably takes 
place at synapses. These are discussed in a separate section later. 


. .^/Velocity of a Nerve Impulse. Cbf 

The velocity of a nerve impulse may be measured, in motor 
nerves, by the method first used by Helmholtz ; a -muscle-nerve 
preparation is made with as long a nerve as possible; the nerve'] 
is stimulated, first as near to the muscle ‘ and then as far from 
the muscle, as possible. The moment of stimulation and ‘ the . 
moment of commencing contraction are recorded by muscle-tracings 
on a rapidly moving surface provided with a time-tracing. When 
the nerve is stimulated at a distance from the muscle, the contrac- 
tion begins later than it does after the first stimulation, and the 
difference between the two is the time occupied in the passage of 
the impulse along the intervening piece of nerve, the length of 
which is known. 

The most accurate inethod is that of Bern£ein, in which -the 
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electrical change is the indication of the impulse. A stimulus is 
apjdied to one end of a long nerve, and the change in the electrical 
condition of the nerve is recorded by a galvanometer connected to 
the other end of the nerve. The time between the application of 
the sjiimulus and the galvanometric reply is measured. 
r in the frog, for instance, at ordinary room-temperature the velocity 
averages 27_metres.per second. In warm-blooded animals it is 
90-120 metrea,per. second.' 

By using the cathode-ray oscillograph, Erlanger, Gasser and their 
co-workers have been able to study different fibres of nerves in 
more detail. Three groups have been differentiated in the frog. 

Group A fibres have velocities of 30-90 metres per second. 
They carry impulses to and from tlie muscles, impulses from the 
skin, sensations of touch and temperature, and impuls es of the 
para-sympathetic. 

Group B have slower rates, 10-20 metres per second. They are 
jyjnpath^jc and convey impulses to the blood-vessels and panels. 

Group C have still slower rates, O'3-l '6 metres per second. These 
are co ncerned ...pEababJy .with crude, sensations. Pain impulses are 
apparently carried by all fibres. 

This has been discovered by stimulating a long nerve and 
finding that the impulses set up reach a point some distance away 
at different times (Gasser, Erlanger and Bishop). 

Histological investigations show that the rates of conduction 
;{,are proportional to the size of the fibres, the larger fibres conducting 
t ,( more rapidly than the smaller. 

'Vi Afferent impulses, as measured by Gasser, travel at about a 
1 i third of the rate of efferent impulses in the same reflex arc. 

\ ^-'Direction of a Nerve Impulse, 

Nerve impulses are normally conducted in only one direction : in 
efferent nerves from, in afferent nerves to, the nerve-centres. But 
experiirienls indicate that conduction may under certain conditions 
take place in both directions. Thus, in the galvanometer experiment 
just described, if the nerve is stimulated in the middle, instead of 
at one end, the electrical change (the evidence of an impulse) is 
found to be conducted towards lx)th ends of the nerve. 

A nerve impulse can, however, only pass in one direction across . 
a sjmapse, that is only from axon to dendron. How this may be 
brought about is a matter of'debate. It is possible that a chemical 
mediation is liberated at the endings of the axons which in many 
instances are button-like. The subject is discussed later in relation • 
to the functions of the synapse. 

Tlie Effect 6f Electric Currents on Excitability and Con- 
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ductivity. — These effects are of some interest as they may throw a 
light on the problem of the nature of the nerve impulse. ' 

If^a constant current at ..about, _ 2 volts is passed thi’ough a^ 
nerve and the excitability of the nerve tested by placing a pair of > 
stimulating electrodes close to the positive (the anode) and to, the>7 
negative (the kathode) wires, it is found that in the region, of thejf 
anode the nerve is unexcitable, while in that of the kathode it is| 
hype rexcitab le. These conditions are known as anejectzoionus. and j 
katelectrotonus respectively. If then , a constant current is passed"*” 
thfoiigh'a'herve the nerve ceases,to conduct (Bernstein) because of 
the area of anelectrotonus at the anode. Use is commonly made of 
this fact in physiological experiments as such a nerve-block is 
equivalent to nerve section with the advantage that it is only 
temporary. 

This effect on a nerve must not be confused with the momentary 
stimulation of a nerve which may occur the moment the circuit is^ 
made or broken. At the make the stimulating electrode is th e ; 
kathode.U 3ut at the*OTeak the stimulating electrode is the anod e, j 
facts of some importance in relation to reaction of degeneration (see" 
below) in which the excitability is altered. 

]. Reaction of Degeneration. — When the nerve to a muscle 
• .hecomes Injured or' impaired the excitability of the muscle is for a [ 
short period increased but later exhibits certain changes which ’ 
appear to indicate a reduced excitabihty. 

When the nutrition of the nerves is impaired, much stronger 
currents of both the induced and constant kinds are necessary to I 
evoke muscular contractions than in the normal state. When the 
nerves are completely degenerated (when, for instance, they are cut ■ 
off from the spinal cord, or when the cells in the cord from wliich 
they originate are themselves degenerated, as in infantile paralysis) 
no muscular contraction can be obtained on stimulating the nerves 
even with the strongest currents. , 

When the motor nerve is degenerated and will not respond to 
any form of electrical stimulation, the muscle also loses all its power 
of response to currents of very short duration such as those produced - 
by an induction coil. The nerve-degeneration is accompanied by | 
changes in the nutrition of Ihe muscle-fibres, as. is evidenced by { 
their -rapid wasting, and., their failure also to . respond to rapid 
induced currents. A weaker constant current, however, stimulates 
the muscle more than in the normal state, because the muscle-fibres 
themselves are in a state of irritable weakness, but the contraction 
is propagated more slowly than when the nerve-fibres are intact.. 
There is; moreover, ,a quahtative as well as a quantitative change. ' 
In health the first contraction to occur on gradually increasing .the 
strength of the current is at the /negative pole, when, the circuit , is . 
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closed (Pfliiger’s law), and a stronger . current is required before 
closure-contraction occurs at the positive pole. But in the morbid 
state we are discussing, closure-contraction may occur at the positive 
pole more readily than at the negative pole, i.c., A.C.C. is greater 
tha n K.G .C.* 

The reaction of degeneration is of considerable iniportance in 
medical and surgical diagnosis as it is a convenient objective method 
of demonstrating whether or not the nerve supply to a muscle is 
intact. The sluggish reaction to a constant current is specially 
characteristic of degeneration which does not appear for some time 
after voluntary movement is lost. These changes are developed 
after a week or ten. days, but after a longer period of months the 
muscles lose their power of contracting altogether.' Gradually the 
muscles themselves degenerate and waste away. 


Fatigue. 

If the muscle of a nerve-muscle preparation be stimulated 
frequently, the muscular contractions become more prolonged, 
smaller in extent, and finally cease altogether. This can be demon- 
strated by making the muscle write a curve with every revolution 
of a recording cylinder, until it ceases to contract altogether 
owing to fatigue. At first the contractions improve, each being a 
little higher than the preceding; this is due to the leneficial effect 
of , contraction. Then the contractions get less and less. But what 
is most noticeable is that the curves are much more prolonged : the 
latent period is longer, the period of contraction longer, and the 
period of relaxation very much longer. This condition is known 
as and the original base-line may not be reached by 

the time the* next stimulus arrives. ' In the last stages of fatigue, 
contracture passes off. Contracture is often absent in fatigue of 
mammalian muscle. 

Fatigue of muscle stimulated directly is due to the consumption 
of the substances available for the supply of energy in the muscle, 
but more particularly to the accumulation of waste products of con- 
traction ; of these sarc olact ic aci^, is the most important. Fatigue 
may be artificially "induced iiT a "muscle by supplying it with a weak 
solution of lactic acid, and may then be removed by washing out 
the muscle with salt solution containing a minute trace of alkali, 
i If the muscle is in the body, the blood-strearn washes away part of 
,i the., accumulation of acid products the remainder is oxidised or 
I resynthesised and fatigue passes off. 

' Wlien a nerve-muscle preparation has" been fatigued by stimula- 
tion through the nerve it is found that the muscle will still contract 

A.C.C. = Anodal closing contraction. K.C.C. = Kathodal closing contraction. 
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if stimulated directly, and this raises the question whether the nerve or 
the nerve-ending is the seat of the fatigue. , That the nerve is not 
fatigued may be shown by .the following experiment. A temporary 
block is applied to the nerve between the point of stimulation and 
the muscle. For blocking a piece of ice or a galvanic current 
(see p. 63) may be used. ' The nerve is now stimulated for a 
period much longer than that which would be necessary to cause " 
fatigue if contraction were, occurring. During such a period the 
nerve, if fatigable, must haVe become fatigued, but it is found that 
immediately the block is removed the nerve conducts quite normally. 

From the above experiments it has been concluded that, since 
neither the nerve nor the muscle have been fatigued, the seat of \ 
fatigue must be in the region of the nerve-endings, and possibly i 
d ue to.an exhaus tion of a humoral transmitter or itsprecursor. There j 
are still rnany facts regarding fatigue which are not understood, 
but the simple fact remains that the muscle can be excited by 
stimuli such as are produced by an ordinary- induction coil. We 
are thus reminded that the impulse which passes down a nerve 
may, for reasons indicated on p. 62, bear no relation to the strength 
of the stimulus applied to the nerve. 

The action of curari, the South American arrow poison, is now - 
believed to be due to similar change in the excitability of the muscles - 
so . that they cannot be stimulated through then motor nerves. 
When the muscles of respiration become affected and cease to act 
death occurs. 

Fatigue of Voluntary Movement. ' 

The foregoing suggests that local poisoning is responsible for 
fatigue, and in support of this, Mosso showed that the blood of a 
fatigued animal caused fatigue if injected into the blood of another. 

It has, however, been shown that if the circulation to a part is 
cut off the liability to fatigue is hot so great as would be expected 
(Reid). Other factors'must be considered. A 

By the use of the ergograph (Mosso, Waller), it has been shown ' 
that the state of the brain and central nervous system generally is 
an important factor in fatigue. 

One of the most striking of Mosso’s experimients illustrates in a 
very forcible manner the fact that the.. central nervous.isystem isl 
more easily fatigued thap^rnuscle. A person goes on lifting a weight' 
as shown in fig. 36 a until, under the influence of the will, he is 
unable to raise it any more. If then, without waiting for^fatigue 
to pass off, the nerves going to the finger muscles are stimrdated 
artificially by induction shocks^ the muscles once more -enter into 
vigorous contraction. 

It may be that the “fatigue” wliich occurs in central synapses 
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is a result of the formation of fatigue products locally or the 
exhaustion of central cells. This has been supported by the finding 
that in fatigue the Nissl granules of the nerve-cells wliich usually 
stain well with methylene blue, are absent or are represented by 
a diffuse blue haze (chromatolysis). It has, however, been suggested 
(Eeid) that something of the nature of a central inliibition results 
from impulses which pass up from the active muscles themselves. 
It appears that normally we are capable of using only a certain pro- 
portion of the muscle-fibres at one time, because inhibitory impulses 



are set up by the pressure on the sensory nerve-endings, the spindles 
of the muscles, and pass into the central nervous system (Denny 
Brown),. The excessive strength which can be exercised by a 
madman or individual under severe stress may in part be due to his 
bringing into use more fibres than can be used normally. This 
lengthening reflex wliich presumably prevents muscles from being 
torn from the bones can be demonstrated in a eat whose cerebrum 
has l^en removed (see Decerebrate Eigidity). 

,-fnie Sensation of Pain in Muscle. — The pain which results 
lyhen a muscle is exercised, especially if its blood supply is defective, 
(lias been specially studied by Lewis because it throws light on the 
very intense jiain which occurs when the arteries to the heart are 
occluded. This pain is one of the most severe known to man. 
It has been found that the intensity and duration of pain, when 
produced in the arm of man, are increased if the blood supply is 
occluded by a sjihygmomanometer cuff. It is therefore suggested 
that a chemical substance is produced (Bain Substance) which 
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stimulates the sensory nerve-endings. . It ma}' be lactic acid which, 
as we have seen, is at least partly responsible for local fatigue. 
The subject is discussed later in regard to. that of Sensation. 

^.Rest Pauses. — It may be sho'wn on an isolated muscle or by 
means of the ergograph that it is not economical to fatigue a muscle 
to its limit and that to get the maximuni worh out of it in a 
given time there should be rest pauses. The pauses should, as far 
as possible, be evenly distributed. 

A good example is quoted by Myers. If in an ergograph 
experiment the finger makes 30 contractions in 60 seconds with a 
certain load, two hours’ rest is necessary for complete recovery. If, 
on the other hand, the finger makes 15 contraetions in 30 seconds 
with the same load a rest of only half an hour is necessary. Hence 
in a two-hour period of work the second arrangement would give 
double the output of work. 

These facts which were extensively studied in munition works 
especially by Yernon from 1914 to 1918 have a wide application to 
work generally, as they not only give more leisure to the worker but 
increase the quantity and quality of the work done. Experiments on 
the learning of poetry by students, and on rats learning to get out of 
a maze, suggest that it is probable that the necessity for rest pauses 
applies to mental work also. ' . 

..-^'^General Fatigue. 

In addition to the fatigue described above there is a fatigue 
w'hich depends on .more, general states such as the total amount of 
energy.„in. the body. It is 'possible, too, that fatigue products may 
circulate, Jn. the, blood, for we have seen that local fatigue is the 
result jn part.. of the accumulation of such products which are 
normally 'U'ashed away in the blood stream. We "know, too, that 
in exercise lactic acid passes into the blood stream and is excreted 
in the urine as lactate. AYorkers on the' subject of industrial fatigue 
have shown that a great deal can be done to eliminate this by the 
avoidance of all unnecessary movements,' by reducing the total. 
amount..pf,.muscle_usedj e, 5 f. .by not using the large muscles of the 
triiu k an d Ipgs juid_by_making^pn^^ smooth movements instead 

of a series of new movements which waste energy in overcoming 
inertia and viscosity. 

Many mental factors also tend to affect fatigue, notably incentive, 
boredom and general conditions of work, especially .the temperature 
and humidity of the air. klost are familiar with the bracing effects 
of dry, cool air and the enervating action of a hot, moist atmosphere. 

The factor which is really important is the cooling power of 
the air which is determined by the kata-thermometer introduced 
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by Leonard Hill. This is essentially an alcohol thermometer. It 
is heated to 100' F. and the observer takes the time for it to 
fall to 95°. It may be used like a wet-bulb thermometer by covering 
it with a wet cloth. The cooling power of the air depends on its 
temperature, humidity, and movement. A gentle breeze of 100 feet 
per minute i with a temperature of 72° F. will cool as much as a 
temperature of 60° will if there is no air movement. Hence the 
power of draughts in producing chilling of the body, and the benefit 
of . fans. The' optimum working temperature, as judged by the 
accident incidence in factories, appears to be from 60° to 65° F.. 


HAPTER IX 


THE AUTONOMIC NERVOUS SYSTEM •' ’ 

Students unfamiliar with elementary anatomy should read the 
I section on the spinal cord before reading this chapter. 

It must be clearly understood that the autonomic nervous 
system is part of the general nervous system with which it works 
in close harmony. /It is described separately, partly for purposes of 
convenience and partly^because 'it controls certain automatic bodily 
activities, c.g. the circulation a;rid_.digestion, over which we have no 
voluntary control/ which it is common to: describe before the' nervous 
f system as a whole. Anatomically the system is peculiar in that the 
' neurones of which it is composed have synaptic junctions in ganglia 
outside the central nervous system. 

/The elucidation of the autoiiomic nervous system we owe to 
Gaskell (1915) who first realised its general plan, and to Langley 
who, also in Cambridge, worked out a large amount of its detail. 
Also certain of its activities may be imitated by the injection of 
certain drugs, or may be paralysed by them in a way not possible 
wdth the rest of the nervous system^' 

The autonomic nervous .system is divided into at least two parts 
which are anatomically, pharmacologically, and physiologically more 
or less distinct. This distinction is convenient, but it must be 
understood that there is no real distinction in regard to function. 

cL The sympathetic. which arises from the first thoracic to the 
third'diimbar anterior nerve-roots of the spinal cord. 

2. The parasympathetic arises in connection with certain 
nranial nerves, the thoracic nerves,^ and. second, third, and-^^urth 
sacral anterior roots of the spinal cord. i 

In addition some authors {e.g. Langley, Gaskell) distinguish the 
enteric system which consists of ganglia and plexuses in the wall 
of the intestine, but these are intimately associated with the 
sympathetic and parasympathetic, pai;ticularly the latter. 

(A) The Sympathetic System. S'Tt must be 'understood that 
little more than the origin of rliis system has so far been 
established^:- There is much evidence- that the controlling fibres 
pass down irom the brain, probably from the hypothalamic region. 
In the spinal cord they have been found pas sing down i n the lateral^ 
columns^ From their origin in the lateral horn oI^Tbe*" spinal cord 
the axons leave by way of the anterior roots of the spinal nerves 
from the first thoracic to the third lumbar segments inclusive. 
The axons separate from the mixed nerves . as the white rami 

^ Prior to inclusion of these nerves in the parasympathetic, this group was 
known as the cranlo-sacral autonomic. 
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eommunicantes and join a chain of ganglia, or collections of 
nerve-cells, the lateral chain, situated on each side of the vertebral, 
column. These ganglia correspond roughly to the spinal segments 
from the coccygeal, or lowest, ganglion upwards, and are joined 
together by connecting fibres. In the upper part, however, the . 
gangha corresponding to the upper four thoracic roots are fused 
to form the large stellate_ ganglion and the upper four cervical 
are fused to form IHe' superior cervical ganglion. In man, the 
lower cervical ganglia form the middle and inferior cervical ganglia, 
but in many animals, e.g. the cat and dog, the latter is fused with 
the stellate. 

■ From the ganglionic chain fibres are distributed in two main 
directions (see fig. 39). 

1. To the collateral or prevertehral ganglia. These are the coeliac 
from which the coeliac plexus takes origin, the^uperior-mesenteric, 
and the inferior mesent eric from which the hypogastric nerves arise. 
From these outlying ganglia fibres pass to . the terminal ganglia and 
nerve plexuses in connection with thoracic, abdominal, and pelvic 
viscera. 

2. To the spinal nerves. These are known as the grey rami 

■because of their colour. They pass with the spinal nerves toj, 
structures such as blood-vessels, muscles of the hairs, and sweat 
glands- It will be noticed that, although the white rami arise only 
from certain spinal roots, the grey rami return to each of the spinal] 
nerves from the nearest ganglion of the lateral chain. ^ 

'The impulses that pass to the involuntary musculature of the 
-body arise in the central nervous system, and travel to the ganglia 
of the autonomic system by means of fine.medullated nerverfibres; 
vthe diameter of these fi .bres_yaries_fr.Qm,^l-.8 to 3' 6 /x;/;the fibres 
therefore contrast with the motor fibres wHch pass to, voluntary 
muscles, the diameter of these being 14 to i9 yu (see fig. 35, p. 66). 
There is a further contrast between them: the motor fibres to- 
voluntary muscles pass uninterruptedly, from the central nervous 
system until they terminate in the end-plates of the muscles. The 
autonomic fibres, on the other hand, terminate by arborising round 
cells in one or other of the autonomic ganglia^ and. from, the- ganglion 
cells a fresh relay of nerve-fibres carries on the impulse to the 
involuntary muscles. There is thus an extra cell-station or synaptic 
■junction altogether outside the central nervousy system. The .auto- "y 
nomic jpath, in other words, consists of two neurones: one 'fro in the W 
central. nervous system to the ganglion, and a second from the ganglion / 
to the peripheral tissue. The first axon is termed' the \ 

fibre; the second, the post-ganglionic fibre. The prergangBonic fibres \ \ 
are medullated ones, and the post-ganglionic fibres are usually j J 
non-inedullated, but there are exceptions to this rule. 
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Fio. S7.— Diagram of the autonomic path in the spinal region. AH, anterior cornual cell giving 
rise to* a ‘large motor nerve- fibre which is distributed to voluntary muscle. LH, a small 
cell of the intermedio-lateral tract giving rise to a small medullated nerve-fibre which leaves 
the cord by an anterior root, and leaves the anterior root by the white ramus ; it terminates 
by arborising round cells in a ganglion of the sympathetic chain. From these cells fresh 
non -medullated axons continue the impulse, and return to the spinal nerv'e by the grey ramus, 
being finally distributed to involuntary muscle-fibres. To complete the diagram, a posterior 
root- fibre is also shown with its parent cell in a spinal ganglion. Post-ganglionic fibres arising 
in the lateral ganglion and passing to outlying ganglia or organs are not shown. 
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The general arrangement of such nerves is represented in fig. 37’. 

/^The cell-station of any particular pre-ganglionic fibre is not 
necessarily ' situated in the &st ganglion to which it passes; the 
fibres of the white ramus communica'ns of the second thoracic nerve, 
for instance, do not all have their cell-stations in the second thoracic^^ 
ganglion, but may pass upwards or downwards in the chain to 
more or less distant ganglion before they terminate by arborising 
rovmd its cells. It therefore follows that fibres that leave any| 
given spinal nerve by its white ramus do not necessarily return asi; 
post-ganglionic fibres by the grey ramus to the same , spinal nerve,! 
although, for the sake of simplifying the diagram, they are repre-'j 
sen ted as doing so. in fig. 37..' 

I Furthermore, there are many fibres of the white rami which 
enter the laterg,! chain of ganglia and pass through it without com- 
municating with its cells at all, and never return to the spinal 
nerves by greyjarni. _-They_pass out of the lateral chain to either 
collateral or eyei^erminal gan^a^before reaching their cell-stations, \ 
whence the post-ganglionicTibres emerge. This is the case for the i 
sympathetic supply of the blood-vessels , and involuntary muscle 
fibres of the thoracic, abdominal, and pelvic viscera.„ and is there- 
fore true for such important nerves as the i ^rdiac acceler ators) and 
the splanchnics.- " 

Fig. 38 shows the course of the splanchnic fibreSjjand will help 
the student to grasp this method of distribution.’ 

The great majority are arranged as in A, that is to say, they have 
their cell-stations in the solar [coeh ac] ganghon. Comparatively few 
are arranged as in B, where some fibres do not reach their cell-stations 
until they arrive at the terminal ganglion situated in the walls of the 
viscus (for instance, the pancreas) to which they are distributed. A 
few possibly are arranged as in C, with a cell-station for some' of 
their branches in the lateral sympathetic chain. 

It will be noticed that if any post-ganglionic fibre is traced back- J 
wards, there is one and only one cell-station between the central ( 
nerYous system and the ultimate distribution of the nerve-fibres. \ 
Elucidation of these facts' we owe largely to the use of the 
nicot ine metho d originally introduced by Langley and Dickinson, 
and employed laier by Langley mainly in conjunction with H. K. 
Anderson.! ' . . i - - 

FTicotine in small dnses paralyses nerve-cells, but not nerve-fibres, 
t is' stilLa ’niaLter dl’uheertai'nty^ wheffi^^ drug produces these 
iffects on the nerve-cells themselves or on the terminal arborisations 
(synapses) of the fibres that surround them, or on receptive substances 
either in the cells or present at the synaptic .junctions. Bui which- 
ever of .these views is correct, the main result is the same ;ja nervous 
impulse which .reaches 'a ganglion by a pre-ganglionic fibre cannot 
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Fio. S9. — Diaf^am of the Autonomic Nervous System, showing its origin from the Central Nervous 
System. The small arrows from the ganglionic chain indicate branches to limbs, trunks, etc. 
Spinal parasympathetic libres are not shown. Oil, oculo motor; AT, auriculo temporal; CT, 
chorda tympani; SCO, sup. cervical ganglion; ICG, inf. cervic. gang.; CP, coeliac plex. ; 8N, 
splanchnic nerves; SM, sup. mesenteric plex. ; AP, aortic plex. ; IMy, Inf. mesenteric plex. ; HN, 
hypogastric nerve ; Hy, hypogastric plex, ; PV, i>elvic nerve ; SL, coeliac ganglion. 
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get across to the corresponding post-ganglionic fibres if, the ganglion 
is painted with nicotine. Stimulation of the anterior nerve-roots, 
or of the white rami no longer produces movements of the 
involuntary muscle tissues, because the paralysed cell-stations act 
as blocks to the propagation of the impulses. If, however, post- 
ganglionic fibres are stimulated, the usual effects (for instance, 
constriction of blood-vessels, erection of the hairs, etc.) take place. 
The,jaicotine . may... be injected -into the circulation or it may be 
painted over .‘one or more ganglia : the latter causes a block only in 
those fibres which have their cell-stations in the particular ganglia. 
/By patiently exauaining in this way all the ganglia in turn, stimulating 
• the fibres .that enter each and those that leave it, Langley and his 
colleagues, after years of work, were successful in localising . the , 
cell-stations on most of the autonomic paths in the body..'^ ' 

JW e shall, in later chapters, consider the sympathetic nerve sjupply 
of the in^vidual organs, but it is conv^ientTiere to state|the main 
cou rse of th e distribution of thesemerves (see fig. 39). .<J^ 

\. he^3 9-^d neck are supplied with fibres which arise from the'’’ 

_^p er two thoracic seg ments and the thorax from the u pper five. .? 

The abdomen gets fibres from the Tower seven thoracic ganglia. ■ 
The fibres form into two groups to form the splanchnic nerves which ■ 
pass to the collateral ganglia and plexuses. ;■ 

The remaining lumbar ganglia, which have white fibres, supply , 
the lower abdomen and pelvis, and are dist ribute d similarly. One ' ' 
bundle of fibres arising from _the inferior,mesenteric,ganglion.is-k-nown . i 
as the h ypogastric nerve . 

. The plexus and the finer nerve-fibres commonly lie on the walls 
of blood-vessels along with which they are distributed to outlying 
organs; like the fibres which- pass out with the spinal nerves. 

The ' tissues supplied are blood-vessels, secretory glands, hairs, .! 
and the unstriated muscles of certain organs such as , the iutestihe ;; 
and spleen, whose functions are thereby correlated with the general 
requirements of the body. 

h^THB Paeasympathetic. The parasym pa thetic consists of 
fih^s which arise from certain cranial, spinal, an^s^raj nerTCS.^.^^,.., 

, : ^ 1. Fibres which arise from the Tnese^ em^ge "by the 

third nerve; the pre-ganghonic fibres p^ to the ciliary ganglion; 

. . the post-ganglionic, arising from the pells' of this ganglion, run in ■ 
the short ciliary nerves to supply the intrinsic muscles of the eye- . 
ball' (sphincter iridis and ciliary muscle). '■ ' 

"2. Fibres which arise from the medullw (Mongata. — These emerge 
by the following nerves : — 

(a) Seven th and ninth nerves. These supply the blood-vessels 
with vasodilatOT^ffhres^nd’also the secretin g, glands in the nose a nd 
moutH"regmn, The ganglia on the course of these fiBres are^the 
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I spheno-palatine, .oti c, ;-submaxiIlary, an d subling ual -ganglia) Some 
of these fibres (forlnstaneeTfKbse in 'the chorda tympani) get bound 
up with .branches of the fifth nerve and are distributed with them. 

(b) Tenth . and . eleventh nerves These are distributed by the 
branches of the tenth or vagus nerve Jo the oesophagus, storriach,. 
and small intestine, to the bronchial muscles, to the heart, and to 
the gastric ahd~pahcreatic secretory mechanism. . Here our know- 
ledge of the localisation of the cell-stations is not so exact as it is in 
other parts; some of the fibres appear to have their cell-stations in 
the ganglion on the trunk of the vagus, but in many cases they do 
not become post-ganglionic rmtil the terminal ganglia in the walls 
of the various organs mentioned are reached. 

■ -^3. The spinal fibres and', vasodilator nc'i'ves . — (The knowledge that 
-- certain' fine- medullated fibres in the posterior -spinal roots when 
stimulated caiise vasodilatation; we owe chiefly to Bayliss, although 
! 'tlieir~'pres"ence'h'ad''been’n6te by Strieker.': These fibres have . been 
; called antidromi c- because their impulses, pass out against the 
; general“afferent stream of the posterior roots. Thel'j&ave hitherto 
• not been/ considered parasympathetic -because their action, unlike 
that of other vasodilator nerves, is .not abolished by 'atropine, 
they are, however, the reciprocals of the vasoconstrictor nerves'; 
The fact that they really do belong to the parasympathetic system 
has recently been much emphasised by Kure and his co-workers 
in Japan, who claim that these fibres have a motor action on the 
alimentary canal.* Their view is supported by the work of Dale and 
Gaddurh which indicates that vasodilator nerves act like the vkgus 
by producing acetyl-choline, but in such a way that the action.is not 
prevented by atropine. Hurd suggests also that they exert a trophic 
function and that the degeneration of tissues and liability to infection 
such as is seen in bed-sores is due to the degeneration of these fibres. 

It is considered that some of these parasympathetic fibres join the 
; splanchnics with wliich they are distributed. . . 

4. The sacral fibres : — ^The pre-ganglionic fibres emerge in the 
white rami of t he se cond, third, and fourth sacral nerves. They 
j pass through the sacraTganglia of the lateral chain 'without forming 
connections with any cells there, and they pass on as the neivus 
\ jerigens, or^pplvic nerve, to join the pelvic plexus, jihe fibres jjf^— - 
I this nerv e supply_ va sodilat or fib res to the external- generative 
organs (whence its name), to the rectum and anus, and motor fibres 
I'to the musculature, of the descending colon and rectum; - they 
have their cell-stations, in the small scattered ganglia of the pelvic 
plexus, or in terminal ganglia in the walls of. the viscera they supply. 
The Enteric System and Terminal Ganglia. — This term refers to 

* These experiments have not, however, been confirmed by independent 
observers. 
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the ganglia and network of fibres in the walls of the intestine (plexuses 
>fii--Auerhac.h_andjDf_Meissner). These apparently act as JodaTne rve 
£^bXi.§_coAtrfflling„p,unel Y lo c al acti vity, but there is reason ~to 
believe that the sympathetic, hut especially the parasympathetic, bring 
about their intestinal effects through these plexuses. Other- terminal 
ganglia are those im the walls of the heart, bladder, and other organs, 
but the evidence that these can act as local nerve centres is not con- 
vincing;. they seem to act chiefiy as cell-stations on the. course, of in- 
coming fibres especially those of the vagus. (See Control of Intestine.) 

Function of the Autonomic Nervous System. — Eve ry, 
org an of the bod y oyer_which_w.e-hay,e-nojjoluntarY.contr ol ap pears 
to be-sun nlied w ith two sets of fibres— froin.,the_sympatheticjand 
- the parasympathetic^ wEicETmje oppo^te functions. The apprecia- 
tibn'nfllns fact^e'ow'e'largelylio GaskellT'tb'wlLom, and to Langley, 
is due so much of our knowledge on the subject. In GaskelTs 
nomenclature the sympathetic or accelerator,_group of nerves is 
ternied hat^olw, as they are concerned with general increase of 
f work and utilisation of energy in the various parts of the body’; -the 
’ parasympathetic group anabolic, as it is more intimately concerned 
[ with the processes whiclf'fiake place during bodily rest. 

While the statement is generally true it would probably be, 
•better to say that, while the sympathetic provides for the, work. of- 
to-day the parasympathetic pfdyides’Lpv'the'wbrk .of to-morrow. . 
Eor’ example 'in' relation to the heart, it. may be shown that the 
process of physical training which promotes the muscular efficiency 
of the heart increases parasympathetic actmty, but during the 
performance of the exercise the sympathetic action is increased 
while parasympathetic action is decreased. The parasympathetic 
may. then be looked upon as supplementing, the action of the 
symp)athetic in that it increases the range of the activity. It 
also sensitises the tissues to sympathetic activity. . 

■ - The sympathetic may be looked upon as adapting the body to the 
needs of muscular activity, emotion, and tb'"expbsure to', cold.' = By- i 
far its most important and certain functions are to increase the 

heart-rate and Mood^ressure, to arr.est„.-the„activities— ofL.the 

f; alimentary canal, and to mobilise glucose ; while increased action 
of thie parasympathetic,' dig. slowing of the heart 

and increased activity, motor and secretory, of the alimentary canal 
and all its associated glands. • . 

The sympathetic has also many other detailed functions which 1 
may be enumerated : it reduces fatigue, dilates the pupil and bronchi,|4 
causes the secretion of ’sweaCanfi brings about the'erectibn of hairs. ItJ | 
constricts cutaneous and splanchnic vessels, but dilates muscle vessels.^J 
■Most of the actions of the sympathetic are also brought about 
by ‘ the injection of ' adrenaline into the blood-stream, and by the 
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accumulation of carbon dioxide in the body, and there is good 
reason to believe that in severe physical exercise the activities of the 
s ympathetic j.adrenaline, and"carbbh di6xide reinforce each other. The 
apparent object of such a mechanism is' to make available for the 
active muscles a maximum amount of oxygen-carrying blood, at the 
temporary expense of those parts of the body whose activity is not 
immediately required, e.g. the alimentary canal. The sjnnpathetic 
makes it possible for the body to use its already accumulated 
store of potential energy without having recourse to its immediate 
environment for anything hut oxygen, which it cannot store to 
any appreciable extent but which is normally always available in 
the atmosphere. 

The relationship of the sympathetic system to afferent imptilses . — 
As we have said, we must look upon the nervous system as 
acting reflexly. Our knowledge of this subject is as yet very 
imperfect, but it is important to note that there is much evidence 
that stimulation of afierent nerves, e.g. the -production of pain in 
man, or stimulation in anaesthetised animals, causes sympathetic 
activity, ‘c.yr'dilatation of the pupU, acceleration of the heart, and 
constriction of blood-vessels. The fact suggests £lie .possibility, of / 
a connection between the posterior root-fibres and the wliite rami. , 
Such a connection is still further emphasised hy the facts that- the 
posterior roots, unlike the anterior roots, contain a very large number 
of small (autonomic) fibres, and that the lateral ganglia and the 
posterior root ganglia are developed from the same mass of cells on 
. the neural crest of the emhryo, from which also is developed the 
medulla of the suprarenal gland, the hormone of which, as we shall 
see, acts like the sympathetic. 

The exact mechanisms by which the sympathetic is called into 
operation have not yet been fully elucidated, but it is evident that 
its actmty is specially related to sensation and to afferent impulses 
which may not reach consciousness. The effect of sensory stimula- 
tion may be looked upon as reflex in nature via the posterior roots 
and the rami communicantes. It is interesting to note that, although 
anesthesia may abolish the connection between the posterior and the 
anterior roots, between the posterior root and the white ramus the 
I connection is unaffected. It seems most probable that all the 
I actions of the sjnnpathetic are essentially reflex and depend on 
' afferent impulses which reach the system from the external environ- 
ment or internal structures. 

The relative importance of the sympathetic and parasympathetic . — 
It is becoming increasingly certain that the exact importance of 
these systems differ in different species (Cannon, Heymans, Samaan). 
Removal of the whole of the sympathetic chain in dogs does not 
appear to make any material difference to the animals. The cat, how- 
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ever, is liable to collapse if it attempts! any severe exercise, becomes 
emotionally distressed, or is exposed to extremes of temperature. 

Section of the vagi (below the origin of the inferior laryngeal 
nerves to prevent fatal laryngeal paralysis) does not have any 
material effect on an animal during rest. Its range of. activity 
is, however, materially reduced, largely because of loss of the 
capability of the heart to increase its output. 

The Afferent Fibres from the Viscera.— It will have been 
f' noticed that the autonomic nervous system, as described, is an 
I efferent system; but, throughout the areas supplied, there are also 
afferent fibres which carry impulses into the central nervous system. 
Very few of their pathways have been accurately traced. For this 
• purpose Langley utilised the movements of a limb or tail which 
occurred on applying tension to organ. McDowall has shown that 
these reactions are very readily seen in, a decapitate animal. He 
has also shown that in the chloralosed cat appropriate stimulation of 
viscera may cause dilatation of the pupil and, from the effects of nerve „ 
section, the patlrways may be traced. It should perhaps be stated ■ 
the a fferent pa ths are„.by. Jhe.p.osterior roots of all the spinal nerves I 
which receive grey rami from all the sympathetic ganglia. Of special 
interest are the afferent fibres from the heart which have now been 
shown to pass in by the posterior roots of the upper thoracic and lower 
cervical region. This subject is discussed latefinVelatioiTtd sensation. 

^The Action of Drugs on the Autonomic Nervous System. — 
These are important frorn the physiological point of view, since it • 
is largely by the use of drugs that the activities of the autonomic 
nervous system have been elucidated. As they are' dealt with later 
they need only be mentioned here. 

Sympathetic : ■ stimulant — adrenaline. Paralysant — ergotoxine 
and ergotamine. Parasympathetic : stimulant — ^pilocarpine, choline, . 
and acetyl-choline. Paralysant — atropine. 

In the section on the humoral transmission of the nerve impulse 
we have seen that the transmission of impulses to organs or to 
other nerve-cells is mediated by the action of the chemical substances 


acetyl-choline and, the adrenaliiie-hke substance sympathin. 
““"Mcotine, as we have seen, paralyses both systems by acting on 
the synapses In , ganglia. The other drugs act in the region of the 
nerve-endings. The evidence that they do not necessarily act 
directly on nerve-endings is that they still continue to act after 
the nerve has been cut and become degenerated ; indeed, 'the organ ■ 
may be more- sensitive than before. This occurs in the ca-se of 
the pupil, which becomes more sensitive to adrenaline' after the 
'sympathetic supply has been cut. A suggested explanation is that 
there may be, between the actual nerve-ending and the organ, an 
increase of a receptive substance oh wliich the drugs ^t. 
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The details of the action of the drugs are to be inferred from 
what has been said in relation to the general function ..of the 
autonomic nervous system, and are 'dealt with further in relation 
to the special systems of organs concerned. 

The action of the autonomic nervous system may be simulated 
by the injection of drugs, notably of adrenaline, which acts like the 
sympathetic, and acetyl-choline, which acts like the parasympathetic. 
They are shown in the following table, also the action of ergotoxine 
and atropine which paralyse both respectively. 



o 
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o 

kl 

TS 
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*0 

Pi 

o 

o 

*54 

o 

o 
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Atropino. 

Notes. 

Pupil .... 

0 

X 

X 

0 

Adrenaline does not dilate the pupili 

Bronchi .... 

0 

X 

X 

0 

if applied locally. 

Adrenaline and less so atropine are 

Heart rate 

+ 



+ 

used for this purpose. 

Atropine in small doses, less than 

Vessels, coronary . 

0 

X 

X 

o 

1/100 gr., has a reverse central effect. 

„ muscle 

0 

0 

X 

0 

Large doses of adrenaline 'will constrict 
all vessels- 

Ergotoxine has a special direct action. 

„ skin . 

X 

0 

X 

0 

,, intestine . 

Blood-pressure 

X 

0 

X ! 

0 

Adrenaline must be applied locally. 

± 

- 

+ 

± 

The action result is dependent on the 

Intestinal movements 


+ 


_ 

I state of the skin vessels and the dose. 

: Atropine used to alleviate spasm. 

except sphincters 
Intestinal secretion . . 


+ 


i 

! 

Salivary secretion . 

-f 

-f 



The adrenaline secretion occurs after. 

Skin secretion 





\ large dose. Atropine much used 
for this purpose. 

LachrjTnal secretion 





... 

Urinary bladder .. 


X 

X 

^ ' 

... 

Uterus . 

*x 

• 

X 

• 

... 


Notes.— O = Dilatation. X = Constriction. , = No effects, or not investigated, or uncertain. 


♦ Variable according to the animal. Relaxed in cats, guinea-pigs, and rats. 

Drugs acting like adrenaline — ^Ephedrine, which prevents the 
destruction of adrenaline, tyramine, and a number of new drugs. 

Drugs acting like acetyl-choline — Choline, pilocarpine, arecoline, 
also eserine, and prostigmin which prevent the destruction of acetyl- 
choline. 

Most of these drugs have been extensively used in the study of 
the autonomic action, and many — especially eserine, atropine, and 
ephedrine, the action of which is prolonged — are used clinically. 

Refehexces. — Gaskell, Langley, Kun'tz, Dale, Rosenblueth and Cannon. 












